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I Introduction

ThisUS LHC Technical Design Handbook describes the work being done by a
collaboration of three US National Laboratories -- Brookhaven National Laboratory,
Fermi National Accelerator Laboratory, and Lawrence Berkeley National Laboratory --
in support of the construction of the Large Hadron Collider (LHC) at the European
Organization for Nuclear Research (CERN). The US contribution to the LHC accel erator
is asubproject of the overall construction project and it isreferred to asthe USLHC
Accelerator Project. The LHC consists of an accelerator and storage ring with two
counter-rotating proton beams, each with an energy of upto 7 TeV. These beams collide
in four interaction regions (IRs), where much of the work and deliverables from the US
LHC Accelerator Project are focused. The LHC isfed by an existing chain of proton
synchrotrons and will be constructed in the existing tunnel for the Large Electron-
Positron (LEP) accelerator. US physicists are also important collaborators on the two
LHC experiments that will explore physics up to the TeV mass scale, and the US
contribution to the construction of the LHC accelerator will shorten the time required to
bring the accelerator into operation. Furthermore, involvement in the USLHC
Accelerator Project will provide an opportunity for the US National Laboratoriesto take
part in forefront hadron collider research and to build the global cooperation that will be
necessary to construct future colliders beyond the LHC.

The major thrust of the US LHC Accelerator Project focuses on the interaction
regions and the RF straight section of the LHC accelerator. Thisinvolvesthe design,
fabrication and integration of the specialized components required to provide adequate
beam handling in these regions, especially the superconducting magnets. The US
Laboratory Collaboration is responsible for the providing CERN with integrated inner
triplet magnet systems for the four interaction regions at points 1, 2, 5and 8. The
Collaboration will design and build the front absorbers and neutral beam dumps, that are
required at points 1 and 5. In the RF straight section at point 4, the US Laboratory
Collaboration will provide specialized magnets and collaborate with CERN on the
integration of these magnetsinto thisregion.

In addition to building these magnet systems, the US Laboratories will help CERN in
the design and construction of LHC by providing technical support in severa areas. The
US Laboratories will participate in the R& D and perform production testing of the
superconducting wire and cable in order to characterize it for use in the main LHC
magnets. The US Laboratory Collaboration will also work with CERN on a number of
special accelerator physics topics of mutual interest, which are focussed primarily, but
not exclusively, on issues related to the US-provided hardware.

The Technical Design Handbook presents detailed descriptions of the hardware
systems and technical support provided by the U.S. Laboratory Collaboration, including
detailed requirements and specifications, detailed descriptions of the designs of hardware
systems and of the technical support work to be carried out, and of the supporting R&D
programs. It isthe primary vehicle by which the specifications and requirements and the
technical implementations are documented and approved by CERN. It isacontrolled
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document of the US Project requiring approval of itsinitial contents and of any changes
through the change control mechanism specified in the US LHC Accelerator Project
Management Plan. Each chapter, corresponding to one major equipment item or task, is
a separately controlled document, whose initial contents and any changes thereto must be
approved by the LHC Project Leader and the official CERN contact person(s) for that
task.
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I Technical Systems
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II.1 Interaction Regions

The U.S. Laboratory Collaboration is responsible for providing CERN with
integrated inner triplet magnet systems for the four interaction regions (IRs) at points 1,
2,5and 8. The US Collaboration will design, develop and fabricate half of the high
gradient quadrupol es that make up the final focus system, the other half being provided
the KEK Laboratory in Japan. The US Laboratories will develop and build cryostats for
all of the quadrupoles, and assemble U.S.-built and KEK-built quadrupoles together with
correction coils and beam and cryogenic instrumentation provided by CERN into
complete cryostatted systems. The US Collaboration will design and fabrication of the
cryogenic feed boxes which provide interface between the superconducting magnet
system and the CERN cryogenics, DC power distribution and instrumentation systems.
In addition, the U.S. Laboratories will design and build the front absorbers and neutral
beam absorbers, which are required at points 1 and 5. The U.S. Laboratories will have
design responsibility, subject to CERN oversight and approval, of the inner triplet
guadrupol e system, including the assembly with CERN provided equipment, and the
corresponding feed boxes.

The US and KEK built quadrupoles are built to the specifications with respect to
gradient, magnetic and physical lengths, and field quality, but differ in diameter and
operating current. Thus quadrupoles all of one type will be used in one interaction
region. CERN has responsibility for ensuring that the KEK-provided quadrupoles meet
their specifications and for the delivery of them to the US Laboratories for assembly.
The KEK-provided magnets will be delivered to the US Collaboration after afull set of
acceptance tests have been performed, and the responsibility of the US Laboratories will
be limited to assembling them into their cryostats and measuring the position of their
magnetic axes with respect to externa fiducials. This document provides a detailed
description of the quadrupole design chosen by the US Laboratory Collaboration and of
the conceptual design of the cryostat and IR cooling system which will accommodate
both the US- and KEK-provided magnets.

Fig. 11.1.2-1 is an illustration of an assembled LHC interaction region inner “triplet.”
Each inner triplet consists of four cold mass assemblies, three multipole correctors, two
beam position monitors, and supplementary heat absorbers. The overall length of each
triplet is approximately 30 m, not including the feed box.

The four superconducting quadrupoles in each triplet are named (starting at the
interaction point) Q1, Q2a, Q2b, and Q3. The magnetic lengths are 6.3 m for Q1 and Q3,
5.5 m for Q2a and Q2b. It is currently thought that quadrupoles Q1 and Q3 will each be
assembled into separate vacuum vessels and that Q2a, Q2b, and two multipole correctors
will be assembled into a single cold mass and a single vacuum vessel for a total of three
distinct cryostats. These three individual cryostats will be joined using welded
connections to form the complete inner triplet.

Fig. I1.1.2-2 shows a typical cross section through any of the inner triplet
guadrupoles at a cold mass support location. Each cold mass is supported at two places
along its length by top-mounted supports orientegi&t from the cold mass centerline.
Using two supports produces a much more rigid cold mass mounting system than one that
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uses a single support and may be an advantage in trying to meet the stringent alignment
requirements for interaction region magnets. Also, supports mounted as shown in Fig.
[1.1.2-2 provide sufficient radial clearance for the external He Il heat exchanger and 1.8
K saturated He Il supply tube or a pump line. One of the two support locations per cold
mass assembly will serve as the axial anchor. The other will have adliding interface
between the support and cold massto allow for thermal contraction during cooldown.

{where’s figure?}
Fig. 11.1.2-1. LHC interaction region triplet layout.

Support post and slide 1. 8K supply_ Heat exchanger Vacuum vessel

Cool down return Col d nass 70K shield /Vacuum vessel
stiffener and support

Fig. 11.1.2-2. LHC interaction region quadrupole cryostat cross section.

The internal cold mass supports are coincident with the external vacuum vessel
support rings. These support rings stiffen the vacuum vessel at the cold mass support
points and serve as the interface between the vacuum vessel and the tunnel mounted
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support and alignment hardware. In the current conceptual design, the vacuum vessel is
864 mm outside diameter.

Ambient thermal radiation is intercepted by blankets of multilayer reflective
insulation (MLI) immediately inboard of the inner vacuum vessel surface and by a 50-75
K helium cooled thermal shield. Thereis an additional MLI blanket on the cold mass.

There are two different outer diameters for the quadrupole cold mass helium vessels.
Those being fabricated at KEK are 510 mm diameter while those being fabricated at
Fermilab are 416 mm diameter. The current plan isto use an adapter on the Fermilab
assemblies to increase their diameter at the cold mass attachment locations so that all
cryostats will be identical regardless of the cold mass manufacturer. Each individual
inner triplet uses cold masses with asingle diameter, i.e. either all KEK or al Fermilab
cold masses due to their having different operating currents. Fig. 11.1.2-2 shows both cold
mass diameters for reference.

A detailed description of the LHC cryogenic system is beyond the scope of this
report but can be found elsewhere in the literature [1, 2]. With one exception, the
cryogenic plants areinstalled at four points equally spaced around the LHC machine, and
the refrigeration power is transported over alength of a 3.3 km octant by a separated
cryogenic distribution line.

Theinner triplet quadrupole magnets are cooled in static baths of pressurized He Il at
1.9 K. The heat load is transported from pressurized He 11 to the flowing, saturated two-
phase He Il at 1.8K viaaHe Il heat exchanger. This heat exchanger will be placed either
inside of the cold mass, like for the LHC arc dipoles, or alongside of the cold massin the
cryostats.

The thermal design requirements and heat loads at various temperatures are listed in
Tablell.1-1. A thermal shield at 50 to 75 K is required to minimize the static thermal
conduction and radiation heat |oads.

Table1l.1-1: Inner triplet heat loads vs. temperature

Temperature levels 50to 75K | 45t020K 19K
Static heat |oads (W) 170.7 32 10.0
Dynamic heat loads nomina (W) 0 0 146.5
Total heat loads (W) 170.7 3.2 156.5
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Fig. 11.1.2-3. Simplified low schematic of cryogenic system for the LHC IR inner triplet
(from CERN).

Fig. 11.1.2-3 shows a simplified flow schematic (from CERN) of the cryogenic
system for the inner triplet with an external He |1 heat exchanger design. The
refrigeration power is transported by the cryogenic distribution line over alength of
3.3km and is available for the inner triplet magnets in a standard way, like many parallel
cellsin the octants. Supercritical helium (3 bar and 4.5 K) from the sector refrigerator,
distributed through Line C, is cooled within the counterflow heat exchanger by the
returning low pressure cold helium vapor to 2.2 K and expanded through a J-T valve. The
saturated helium flows through the copper heat exchanger tube, absorbing heat and
gradually vaporizing as it flows. After heat exchange with the incoming supercritical
helium in the counterflow heat exchanger, the low pressure helium vapor is pumped away
viaLine B. Line D, maintained at 20 K and dlightly above atmospheric pressure, collects
the helium discharged from the magnets during a quench and also provides cooling for
the high-temperature superconductor current leads. Lines E and F circulate high pressure
helium gas to cool the thermal radiation shield and cold mass support post intercept.

9
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Fig. 11.1.2-4 presents a detailed schematic of the cryogenic system for the inner
triplet on one side of interaction point in which the feed box islocated in the lower
position. The cryogenic system for the inner triplet located on the other side of the
interaction point isidentical except the feed box is now on the higher position, so a
pumping line is connected to the lower end of the He Il heat exchanger to pump the
helium vapor. The pumping line will replace the location of saturated helium supply tube
inFig. 11.1.2-5.

Fig. 11.1.2-4. Flow schematic of cryogenic system for the LHC IR inner triplet.

The He Il heat exchanger is akey component in the successful cooling of the inner
triplets. The main function of He Il heat exchanger isto extract both dynamic and static
heat |oads from the cold mass and maintain its temperature below 1.9 K during normal
operation. The total temperature difference from the pressurized helium Il around the
cablesto the saturated helium |1 at the DFB includes the following: the temperature drop
within the pressurized He 1l from the cable to cooling holes in the iron yoke, the heat
transport within the pressurized He Il in the iron yoke out to the heat exchanger, the
Kapitzathermal resistance on both sides of the heat exchanger, the thermal resistance
through the heat exchanger wall, and pressure drop caused by the saturated, two-phase
He 1 flow within the heat exchanger pipe. The thermal analysis results are summarized
inthe Table I1.1-3.

10
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Table 11.1-3: Temperature differences from the pressurized helium Il around the coilsto
the saturated helium Il at the DFB for different situations.

Heat load Liquid fraction | Massflowrate | Interconnect Total delta-T
(W) (%) (9/s) dia (mm) (mK)
156.5 82.1 (expand 8.3 84.68 50.9
from 3 bar, 2.2 (3IPSsch 5)
K)
156.5 53.17 (expand 12.8 84.68 64.5
from 3 bar, 4.5
K)
156.5 82.1 8.3 97.38 42.6
(3% IPSschb5
156.5 53.17 12.8 97.38 56.2
234.8 82.1 12.43 84.68 111.3
(1.5 times
above)
234.8 53.17 19.2 84.68 143.4
234.8 82.1 12.43 97.38 83.5
234.8 53.17 19.2 97.38 115.6

11.1.1.1.1.1 References

[1] The LHC Study Group, “The Large Hadron Collide€ERN/AC/95-05 (LHC), 20 October, 1995.

[2] Ph. Lebrun, “Superfluid Helium Cryogenics for the Large Hadron Collider Project at CERN,”
Cryogenics 34, ICEC Supplement (1994), p. 1.

11
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11.L1.2 IR Quads
1.1.2.1 Introduction

The final focusin the low-f3 insertionsis provided by inner quadrupole triplets
together with four-quadrupole matching sections. The schematic layout of the LHC low-3
triplet isshown in Fig. 11.1.2.1-1. The low-[3 triplet optics and layout are described in
Refs. [3- 6]. It consists of four large aperture superconducting quadrupoles connected in
a series and powered by a common power supply. The outer two quadrupoles, Q1 and
Q3, are 6.3 m long, while the central one is divided into two identical units, Q2a and
Q2b, each 5.5 mlong. Theinner triplet is protected from secondary particles by 1.8 m
long copper absorber (TAS), located within the front shielding of the experiments.

QIfM MCEEX MCeDE MEEX
DFE MEDD EFM MEDDS M:DD £E A EFM
ThE
63 3.5 L 14 55 2.5 03
ot -t -t ol ——

Fig. 11.1.2.1-1. Schematic layout of the LHC low-[3 triplet.

The protection of the superconducting quadrupoles against the high flux of
secondary particles emanating from the p-p collisions at nominal luminosity of
10* cm®s™ at 7 TeV beam energy is an important issuein the design of the low-3
triplets. The radiation induced heat depositions and magnet protection in the inner triplets
have been studied by several groups|[7, 8]. It has been found that Q2a, in which the
radiation power density is the highest, can be better protected by optimizing its distance
from Q1. Based on these studies, the separation between Q1-Q2a has been set to 2.5 m,
sufficient for a approximately 1.5-m long supplementary beam absorber (SBA).
Protection of the triplet as awhole will be further improved by optimizing the thickness
of the quadrupole cold bore[9].

The 1 m space between Q2a and Q2b is reserved for the combined horizontal -
vertical orbit corrector [6]. In thislocation the 3-function has a maximum in one plane,
while the maximum in the orthogonal plane occurs upstream of Q3, where an additional
orbit corrector is envisaged. The space between Q2b and Q3 is used to adjust the optics
of the single parameter low-[3 triplet to that of the matching section. The resulting drift of
3.5 misdightly longer than otherwise needed for magnet interconnections, a beam
position monitor (BMP) and multipole spool pieces.

The quadrupoles Q1-Q3 are single aperture superconducting magnets with alarge
cold bore [3]. Besides accommodating two fully separated beams at injection, they must

12
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provide ahigh field gradient and low multipole errors required for the colliding beams,
and sustain high power density of the secondary particles. The required parameters and
operating conditions for LHC low-3 quadrupole are summarized in Table 11.1.2.1-1.

Tablel1.1.2.1-1 Parameters of the LHC low-[3 quadrupole (requirements and operating

conditions).
Parameter Unit Value
Nominal field gradient T/m 200/210
Magnetic length m 6.3/5.5
Inner coil diameter mm 70
Peak beam-induced heat 10ad mW/g 12
Operating temperature K 19

The nominal field gradient of 200 T/mis required for the high luminosity interaction
regions. For the low luminosity IRs the nominal field gradient is dlightly higher, 210 T/m,
but the operational margins (critical temperature and critical current) could be lower
because of much lower level of the beam induced heat deposition in these regions. Based
on the above mentioned and cost reduction considerations, the same HGQ designed for
the high luminosity IR will be used for the low luminosity IR.

To provide the required luminosity in the interaction point the high field quality in the
guadrupole magnets has to be achieved. The preliminary field quality specifications for
the inner triplet quadrupoles, formulated based on the first results of the dynamic aperture
study and field quality analysis in the large aperture SC quadrupoles [10], are
summarized in Table 11.1.2.1-2 and Table 11.1.2.1-3. Field quality requirements are
imposed for al quadrupoles in form of systematic values (bn, &), uncertainties in the
systematic values (Ab,, Aa,) and random RMS spreads (oby,, 0a,), where b, and a, are
normalized to the main field component normal and skew harmonic coefficients (for by
and a, definitions see also §l1.1.2.4).

13
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Table 11.1.2.1-2. Systematic errors and uncertainty at 1 cm reference radius
(in 10" units of main field).

n 3 4 5 6 7 8 9 10

bn 0.0 0.0 0.0 0.0(-0.1%) 0.0 0.0 0.0 0.0
Am | 0.2 | £0.09 | +0.04 | £0.02(+0.04*) | +0.01 | +0.004 | +0.002 | +0.0009

an 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Aan | 0.2 | £0.09 | +0.04 +0.02 +0.01 | £0.004 | +0.002 | +0.0009

* — at injection.

Table 11.1.2.1-3. Random errors at 1 cm reference radius (iardi6s of main field).

n 3 4 5 6 7 8 9 10

ob, | 05 | 03 | 007 | 003| 0008 0003 00016 0.0005
(1.3

oa | 05 | 03 | 007 | 003| 0008 0003 00016 0.0005
(1.3

* — at injection.

Taking into account a significant change3efunction along inner triplets the end
field quality in the HGQ might be important. The end field effects on beam dynamics are
now under extensive study [10]. The preliminary reference numbers (specifications) for
the integrated systematic multipole coefficients in the end regions are presented in Table
[1.1.2.1-4. Reproducibility of magnetic length from magnet to magnet must be within 1
cm for the same magnet type.

Table 11.1.2.1-4. Integrated harmonic coefficients in mmit 1 cm reference radius and
end magnetic length for the HGQ.

Parameter Lead End Return End
<Bg> 0.27 0.046
<Bjp> —-0.0013 —-0.0013
<Ay> 16
<Ae¢> 0.010
<Aip> —0.0005

All components of the inner triplet must be precisely aligned with respect to each
other and beam closed orbit. Magnet alignment is provided during fabrication and after

14
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installation in the tunnel. Extensive studies on the effect of quadrupole misalignment on
the accelerator performance has been started [11, 12]. It was found that a 1 mm offset of
the inner triplet cryostats on both sides of IR resultsin avertax displacement by 0.6 mm,
and exterior closed orbot distortions of about one beam sigma. To be within the dinamic
range of the dipole correctors the relative transverse misalignments of IR quadrupoles
inside the triplet should be less than 0.35 mm. The relative longitudinal quadrupole
misalignment could achieve 10 mm. To ensure the luminosity degradation less than 10%
the design of quadrupole support system should limit the short term displacements
(vibrations) to afew microns. In general, transverse and roll IR quadrupole
misalignments must be kept as small asis practically possible. Quadrupole alignment
requirements will be studied and reviewed based on the accelerator physics study and IR
guadrupole R& D results.

A detailed description of the LHC cryogenic system can be found elsewhere in the
literature [1]. The heat load requirements to the inner triplet cryostat design at various
temperature levelsarelisted in Table 11.1.2.1-5.

Tablel1.1.2.1-5: Allowed cryostat heat |oads.

Temperature, K 50to 70 451020 19
Static heat load, W/m 5.7 0.1 0.3
Dynamic hesat load, W/m 4.9
Total, W/m 5.7 0.1 5.2

Each triplet consists of four quadrupoles, three multipole correctors, two beam
position monitors, and two supplementary beam absorbers. The cold mass assemblies for
Q1 and Q3 are approximately 7 m long. Thosein Q2a and Q2b are approximately 6 m
long. The multipole corrector assemblies are about 0.6 m long. The triplet assembly is
divided in three units each with their individual cryostat:

e QlunitwithBMPand SBAL. Itsadditional featureisthe end dome welded to
the cryostat end closest to the interaction point

* Q3 unit with SBA2 and multipole corrector
e Q2a-Q2b unit with BPM and two multipole correctors

These three individual units will be joined using welded connections and bellows to
form the complete triplet. Cryogenics feed from one end of the magnet string and are
terminated at turnaround pipes at the other end. The overall length of each triplet is
approximately 30 m not including the feed box.

The IR Quadrupol e project scope of work includes the development, fabrication, test
and delivery to CERN the HGQ magnets for all LHC interaction regions. The important
part of the project is a collaboration with CERN and KEK in the development and
fabrication of the IR inner triplet components. Fermilab and KEK will provide the inner
triplet quadrupole cold masses, 16 each plus spares. Multipole correctors and BPM will
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be provided by CERN. Cryostat design for both Fermilab and KEK quadrupole cold
masses will be devel oped and provided by Fermilab. Magnet final assembly and test as
well as delivery to CERN will be provided by Fermilab.

The project stages are presented below:
I. HGQ Conceptua Design Study (FY 1996-FY 1997)
o HGQ design and anaysis
o Short tooling design/installation
o  HGQ conceptual design report
Il. HGQ R&D (FY 1997-FY 1999)
o Magnet R&D (6 short models)
o Cryostat R&D and cryostat design
o Tooling design/optimization (short/full-scale)
o MTF (test stands, test equipment)
[11. HGQ Full Scale Prototype (FY -1999-FY 2000)
o Prototype specs
o Full-scaletooling test
o MTF and procedure test
o Full-scale magnet and cryostat test
IV. Magnet Production (FY 2001-FY 2004)

This chapter describes the conceptual design (stage I) of the high gradient
guadrupole magnets suitable for the LHC low-[3 inner triplets. Section 11.1.2.2 describes
the overall design of the high gradient quadrupole. The magnetic design and field quality
analysis are presented in Sections11.1.2.2 and I1.1.2.4. The analysis of the HGQ
mechanical structureisgiven in Section I11.1.2.5. The coil cooling system and results of
thermal analysis are reported in Section 11.1.2.6 and HGQ quench protection problems
are analyzed in Section 11.1.2.7. Finally, the plans and current status of the R&D
program, which will be followed to optimize the design and to set final magnet
specifications are summarized in Section 11.1.2.8.
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11.1.2.2 HGQ Design Description

11.1.2.2.1 I ntroduction

The current design of the HGQ consists of four, two layer shell-type superconducting
coils connected in series, clamped by stainless steel collars, and surrounded by iron
laminations. A two-layer geometry was chosen based on mechanical, thermal and quench
protection considerations. This design concept provides better coil mechanical support
and turn cooling conditions as well as lower magnet inductance as compared to a four-
layer one. This approach rests solidly on the past experience [13, 14], and allows the use
of existing tooling.

11.1.2.2.2 General Design Description

The magnet cross-section is shown in Fig. 11.1.2.2-1. Each of the four coils consists
of 14 turnsin the inner layer, and 16 turnsin the outer one. Inner and outer layer coils are
connected by splices placed in the coil lead end region. Each octant has two spacers, one
for each layer, which allow afine adjustment of the field quality in the magnet straight
section. The coil ends have the same block-wise layout of turns as in the magnet body.
The block positions at the ends were optimized to reduce the maximum field and to
improve field quality.
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Fig. 11.1.2.2-1. HGQ cross-section.

The coils are made of keystone Rutherford-type NbTi cables based on the SSC type
strands. Different cable types are used in the two layers. Both cables have the same width
but different mid-thickness. The cables are insulated with a multilayer Kapton insulation.

Magnet coils are pre-stressed and mechanically supported by means of stainless steel
collar laminations. Collar laminations are locked in two perpendicular directions by four
pair of tapered keys. The collared coil is centered inside the iron yoke with the help of
special alignment keys. Thereisasmall gap between collar and yoke laminations.

The yoke inner radiusis 92.56 mm while the outer radius is 200 mm. The yoke
laminations feature four round holes for the superfluid helium heat exchanger and four
rectangular holes for housing of electrical connections, as well as specia cutouts for
fabrication purposes. In the pole regions, eight rectangular gaps between collar and yoke
house the magnetic tuning shims for the field quality adjustment. In order to provide a
good operating margin in the coil ends, theiron yoke isterminated at a distance of
150 mm from the lead end of the coil straight section and 50 mm from the return end.

A two-pieceiron yoke is supported by stainless steel skin. Two skin shellsare
welded under some tension to provide tight contact of the iron blocks. Special keys are
installed between skin shells for the longitudinal magnet alignment.

To restrict coil longitudinal motion under Lorentz forces applied to the coil ends, two
stainless steel end plates welded onto skin are used. The quadrant splice assembly is
mounted on the outer surface of the lead end plate.
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The quadrupole coils are cooled by pressurized He Il filling the cold mass (helium
vessel) at anominal temperature 1.9 K. The heat is transported from static pressurized He
Il to the flowing, saturated two-phase He |l at 1.8 K viaaHe |l heat exchanger. This heat
exchanger could be arranged either inside of the cold mass (internal design) or outside of
the cold mass (external design).

To reduce static heat leaks, the helium vessel (including cold mass and heat
exchanger) is placed inside a vacuum vessel with the help of a special support system,
and surrounded by additional thermal shield and multilayer thermal insulation.

11.1.2.2.3 Super conducting Cables

The HGQ superconducting cables use SSC type strands based on NbTi
superconducting alloy. This superconductor has a critical temperature of 9.2 K and an
upper critical magnetic field of 14 T. Nominal strand parameters are presented in Table
[1.1.2.2-1. The parameters of the inner and outer layer cable arelisted in Table11.1.2.2-2.

Table 11.1.2.2-1. HGQ Strand Nominal Parameters

Parameter Unit Inner cable Outer cable

Wire diameter mm 0.808 0.648
Filament diameter pm 6 6
Copper-to-superconductor ratio 1.31 181
Residual Resistivity Ratio 100 100
Twist pitch mm 13 13
Twist direction left right
Critica current @5 T & 4.2K A 600 320
Critical current density @5 T & 42K | kA/mm? 2.75 2.75

19



- DRAFT -

Table11.1.2.2-2. HGQ Cable Nominal Parameters

Parameter Unit Inner cable Outer cable

Radial width, bare mm 15.40 15.40
Minor edge, bare mm 1.326 1.054
Major edge, bare mm 1.587 1.238
Keystone angle, deg 0.98 0.68
Cable packing factor 0.91 0.91
Number of strands 38 46

Strand diameter mm 0.808 0.648
Transposition direction right left

Cable transposition pitch mm 114 102

Since the two-layer magnet design requires cables with large aspect ratio, the
mechanical stability of the cable during winding is a critical issue. Samples for both the
inner and the outer cable have been produced by LBNL and winding studies have been
carried out at Fermilab. Test winding was done to determine windability, cable lay
(transposition direction) and winding tension. It was found that the optimal winding
tension range is 303-500 N. Based on the coil windin results it was decided to fabricate
both inner and outer cable to wind in the mechanically favorable direction - with right lay
for the inner cable and left lay for outer one. To provide the better cable mechanical
properties the twist direction of strand has to be opposite to the cable transposition
direction — left for the inner strand and right for outer one.

1.1.2.2.4 Cableinsulation

It is anticipated that all of the outer coil cable and some of the inner coil cable can be
made entirely from existing SSC strands. Notice that SSC inner strand has a right twist
direction. The possibility of utilization of inner SSC strand with right twist pitch is
studied. Some quantity of new inner strand with the nominal twist direction will be
purchased if required.Cable Insulation

The general requirements for the cable insulation are listed below:

» Azimuthal thickness of 7am after coil curing under compression. This
requirement came from the magnetic design as a compromise between the turn
separation and the high filling factor of the coil.

» Kapton film. This requirement is dictated by the radiation conditions during
magnet operation.

» Multi-layer structure. This requirement is important for providing the
mechanical and electrical reliability of cable insulation.
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The fabrication experience shows that the cable insulation creeps during coil curing
under compression and, consequently, it decreases the thickness by 20-30% in azimuthal
direction. This reduction depends on the cable packing factor and coil curing conditions
(temperature, pressure, time). Based on that, the non-deformed cable insulation has to be
of 100 pum that corresponds to 25% azimuthal deformation after curing. The radial
insulation thickness before and after curing is the same, 100 um.

The above requirements lead to the two-wrap cable insulation design. The inner
wrap in both cablesis made of Kapton film 25 pm thick and 9.5 mm wide wound with
50% overlap. Thiswrap creates two insulating layers with the total non-deformed
thickness of 50 pm.

The outer wrap of inner cable insulation is made of 50 um thick and 4.8 mm wide
Kapton film wound with a2 mm gap. These channels increase the inner cable wet
perimeter by an order of magnitude (13-14 times). That allows one to keep the inner
cable temperature below the He lambda-point, and to take advantages of possible
superfluid He penetration under the cable insulation involving it in a heat transfer along
and across the cable. Although those helium channels decrease the E-modulus of the
inner coil by afactor of two, it does not dramatically affect the field harmonic stability in
the magnet operating current/gradient range. Moreover, the low E-modulus allows one to
accommodate coils of alarger azimuthal-size variation without significant change of coil
prestress range.

To provide the electrical and mechanical reliability of outer cable insulation and to
increase the quench heater effectiveness there are no channelsin the outer insulation
wrap. It is made of Kapton film 25 pum thick and 9.5 mm wide with 50% overlap. This
gives two additional insulating layers with total thickness of 50 pm. Another possibility
isabutt outer wrap of 50 pum thick 4.8 mm wide Kapton film that is used for the outer
wrap of inner cable.

Table 11.1.2.2-3 summarizes the cable insulation parameters for the HGQ inner and
outer cables. The cable insulation design will be finally optimized after tests of a series of
HGQ short models.
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Table11.1.2.2-3. HGQ Cable Insulation Parameters.

Parameter Inner cable Outer cable
Number of wraps 2 2
Inner wrap:
-materia Kapton tape 0.025mmx9.5 mm | Kapton tape 0.025mmx9.5 mm
-adhesive None None

-wrap structure

Spiral wrap with 50% overlap

Spiral wrap with 50% overlap

--thickness 0.050 mm 0.050 mm
Outer wrap:
-materia Kapton tape 0.050mmx4.8 mm | Kapton tape 0.025mmx9.5 mm
-adhesive Liquid polyimide Liquid polyimide
-wrap structure Spiral wrap with 2 mm gap Spiral wrap with 50% overlap
--thickness 0.050 mm 0.050 mm
Total thickness 0.1 mm 0.1
Wet perimeter ~60% 0%
1.1.2.2.5 Inner and Outer Coils

HGQ inner and outer coil assemblies are shown in Fig. 11.1.2.2-2. Coil end parts are
made of ULTEM 2300 with 30% glass fill machined into minimum cable stress shapes,
produced by the BEND programs created at Fermilab. There are three types of end
parts. On the return end there are keys, which are used to fill the pole area, spacers,
which provide the termination for wedges and separate current blocksin the ends, and

saddles, which provide support at the end for the final turn. There are identically named
parts on the lead end, except where a turn transitions from one current block to the next.
Here, the spacer is split into two pieces, called a spacer and filler.

The pole turn of each inner/outer coil pair needs to be spliced together. Splices are
114 mm long, which is approximately equal to the cable transposition pitch. Areasto be
spliced are preformed, or filled with solder before the coil iswound. The tinned sections
are then spliced after the magnet straight section is collared and keyed. Minimum stress
preform shapes are generated by the program LEAD, which issimilar to BEND.

Two different types of pole splice are being tried for the HGQ, internal and external.
The configuration of both splicesisshown in Fig. 11.1.2.2-3. The external spliceis made
outside the coil perimeter. Theinternal spliceis made within the radial space, which
contains the outer coil.

Both splice designs have some advantages and disadvantages. Short models with
each splice configuration will be manufactured and tested in the frame of HGQ R&D
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program. Final splice design will be chosen based on the fabrication experience and
magnet test results.
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Fig. 11.1.2.2-2. Inner (a) and outer (b) coil assemblies.
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Fig. 11.1.2.2-3 . External and internal splice view. Parts supporting the splice have been
removed from the internal splice view to fully display the splice.

11.1.2.2.6 Coil Insulation and Ground Wrap

Cail insulation includes the ground wrap, interlayer insulation, and any other
insulation materials, which are placed within the coil area. The main function of coil
insulation system is the prevention of shorts between coils, quench protection heaters and
collars (ground). It must allow for sufficient helium flow to the coils and it should be
configured in such away that assembly is efficient. The coil insulation system for the
LHC IR high gradient quadrupole is shown in Fig. 11.1.2.2-4.
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Fig. 11.1.2.2-4. HGQ coil insulation system: 1,2,3 — pole ground wrap; 4, 7, 9 — coil caps;
5, 8 — parting plane layers; 6 — quench heater.

All insulating material is either 7Bm or 125um Kapton film. A minimum number
of thickness and parts have been used within the constraints of the space allowed. At least
450um of Kapton insulation (consisting of four separate sheets) is placed between the
collars and any coil surface. To allow tuning of the cross-section to eliminate systematic
harmonics, the parting plane Kapton is 400 thick. All components to be electrically
isolated have at least two sheets of Kapton between them. This allows each component
to have at least one layer of Kapton separating it from any other component because, for
assembly purposes, most pieces have azimuthal gaps between them, allowing a short path
if a second piece is not used.

Ground wrap is split or perforated at the pole as it is shown in Fig. 11.1.2.2-5. A
passage is therefore provided for helium flow between the outer and inner edges of the
coil area. The 3mm “corner” is sufficient to provide electrical insulation between inner
coils and collars, while the 4mm opening is sufficient to provide helium flow. The 4 mm
gap may be achieved either by using two separate pieces of Kapton or perforating a
single piece with slots . Using a single perforated piece may be preferable for magnet
assembly.
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Fig. 11.1.2.2-5. Ground wrap configuration at Inner Coil Pole.

The guench protection heater baseline design consists of a 25 um thick stainless steel
strip bonded to and sandwiched between two layers of 25 um pieces of Kapton. The
details of quench heater assembly is shown in Fig. 11.1.2.2-6.
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Fig. 11.1.2.2-6. Interlayer quench protection heater assembly.
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11.1.2.2.7 Collared Cail

There are three distinct sections of the collared coil: lead end, straight section and
return end. Their cross sections are presented in Fig. 11.1.2.2-7. The straight section
consists of the coail, ground insulation with quench heaters, bearing strips, collars and
keys. The bearing strips, made of brass, are placed on the inner and outer coil polesto
provide a continuous load-bearing surface that protects coil insulation from damage
during assembling, cooling down and operation. The collars are made of Nitronic 40
laminations of 1.5 mm thick. They are nominally 25 mm wide in theradial direction.
The collars are manufactured by stamping that provides the geometry repeatability from
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part to part on the order of 15 um. Collar laminations are assembled vertically, stacked
up with each new layer of laminations rotated 90° about the magnet axis from the
previous layer. Collar layers are held together using two tapered, full hard phosphor
bronze keys per quadrant.

The stacked assembly is inserted in a press, which pushes simultaneously on all four
sides until the key grooves on adjacent collars align. At this point two keys are inserted
per quadrant. After the press is released, the collars and keys support the coil
compression load. To minimize stress concentrations, the key grooves are radiused. The
collar is thickest at the midplane, which corresponds to the maximum Lorentz force
location. The collars have an arc length of less than 180°, thus when assembled every
other pole is filled with helium, allowing heat to pass from the beam tube through slots at
the pole in the ground insulation, through collars, to cooling holes in the yoke.
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Fig. 11.1.2.2-7. The collared coil cross section[Hpaci3):
regular collar (straight section);
round collar (return end);
end can (lead end).

At the return end, the coils are supported similarly to the straight section except for
modifications necessary due to coil end geometry. It differs from straight section
geometry in two ways: the coils pass though the pole region and there is an additional
layer of ground insulation. For this reason, the stamped collars of the straight section are
modified by removing the poles and enlarging the inner radius to accommodate extra
ground wrap. This modified lamination isthe full round collar. It is used from the
beginning of the coil key to the end of the coil saddles, a distance of 148 mm. The
method of assembly is similar to and performed at the same time as that of the straight
section.

On the lead end, the coil geometry is more complicated because the coil splice
extends radially outward into the collar region. Therefore, a special support structure
must be used. Instead of collars with alarger radius, a solid aluminum ring (end can) is
used. It has 25/30 mm thick walls and atapered inner diameter. Four ULTEM filler
pieces, one for each quadrant with a 1 mm azimuthal gap between each, are placed
between the coils and end can. Thefiller interface is also tapered so that the further the
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end can is pushed over thefillers, the more radial forceis generated, resulting in higher
coil compression and end can tension. The azimuthal gap between filler pieces
guarantees that 100% of the end can radial compression force is transmitted to the coils.

The interlayer splices are contacted on both sides by a copper temperature stabilizer.
The stabilizer has a 3 mm radius semi-circular channel that faces the cable, allowing the
cable to be flooded with 1.8 K helium. The stabilizer and splice are wrapped together
with Kapton tape. This packageislaid into groovesin the filler pieces. The cross section
of the lead end with internal spliceis similar to the return end cross section. In the final
assembly, it issupported azimuthally by ULTEM end parts. Radia support for the coils
in the splice areaiis provided by full round collars.

11.1.2.2.8 Cold Mass

The five mgjor components in the cold mass are the collared coil, iron yoke, skin,
endplates, and quadrant splices. The 3D view of HGQ cold mass with both external and
internal splice designsisshownin Fig. 11.1.2.2-8 and Fig. 11.1.2.2-9.

The iron yoke which surrounds the collared coil has no structural function; it is
designed for purely magnetic and assembly criteria. It iscomprised of 1.5 mm thick
stamped iron laminations in the straight section, stainless steel laminations in the return
end over alength of 200 mm, and stainless steel laminations in the lead end over alength
of 300 mm. Inthe latter region, laminations are modified to fit over the end can
assembly for the external splice. The yoke OD is400 mm. There are several cut-outsin
it: four 60 mm diameter cooling holes, cut-outs for buss bars, holes for magnetic shims,
and notches for alignment and assembly. All of these features are placed maintaining
guadrupole symmetry. Y oke laminations are formed by stamping which produces part to
part repeatability of £15 pm.
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Fig. 11.1.2.2-8. 3D view of HGQ cold mass with external inter-layer splices.
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Fig. 11.1.2.2-9. 3D view of HGQ cold mass with internal inter-layer splices.

The skin of the magnet compresses the iron halves together and forms the helium
containment vessel. The key, which holds the skin together, also serves as an alignment
mechanism. A key isfitted into precisely positioned notchesin theiron stamping. This
key also has an alignment feature, a notch, which runs the entire length of the magnet,
which isthe outside of the completed cold mass. The skin consists of two 8 mm thick
stainless steel bump-formed half shells. These are assembled around the yoke in a press,
which contacts the OD of the skin. Both skin halves are welded simultaneously to the
key, which also serves as a backing plate for the weld. Asthe weld cools, the skinis
stretched around the iron, resulting in a maximum tension of approximately 200 MPa.

End plates restrict the longitudinal end motion under Lorentz forces generated in the
lead and return ends of the coils. The return end plate isshownin Fig. 11.1.2.2-10. The
forces are transmitted through 10 mm thick stainless steel flat plates, installed on the end
of each coil quadrant, through short cylinders (bullets) to 50 mm thick stainless steel end
plates welded onto the skin at the lead and return ends.

Each bullet senses the axial force in one quadrant via strain gauges mounted on its
flat side. The bullets are threaded into the end plate and torqued so that they produce
sufficient longitudinal compressive force at room and at helium temperature.
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Fig. 11.1.2.2-10. Return end cross section:
1 — pressure plate; 2 — bullet; 3 — adjustment screw; 4 - end plate; 5 — skin.

Four coils (quadrants) are connected in series with a help of three splices. The
guadrant splice and power lead assembly is mounted on the outer surface of the lead end
plate. Cables routed to ensure four quadrants are powered with proper polarity and
assembly geometry chosen to maintain quadrupole symmetry to the extent possible. The
last 120 mm of the cables are straight and are soldered together.

The details of quadrant splice assembly are shown in Fig. 11.1.2.2-11.
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Fig. 11.1.2.2-11. End view of quadrant splice and power lead assembly:
1, 2, 3, 4 — splice blocks;
5, 6, 7, 8 — intermediate blocks;
9 — support block cover;
10, 11 — screws.

11.1.2.2.9 Cryostat

The quadrupoles Q1, Q3 with adjacent multipole corrector and Q2a Q2b with two
multipole correctors will be assembled into single cold masses and single vacuum
vessels for a total of three distinct cryostats.

Fig. 11.1.2.2-12 shows a typical cryostat cross section at a cold mass support location.
Each cold mass is supported along its length by top-mounted supports (suspensions)
oriented at45° from the cold mass center line. The HGQ cryostat and support structure
designs are based on the designs developed and successfully tested for the SSC
superconducting dipoles [15, 16]. Using two supports per cross section produces a much
more rigid cold mass mounting system than one, which uses a single support and may be
an advantage in trying to meet the stringent alignment requirements for interaction region
magnets. Also, supports mounted as shown in Fig. 11.1.2.2-12 provide sufficient radial
clearance for the external He Il heat exchanger, which must be above the cold mass for
proper operation during cooldown, and 1.8 K saturated He Il supply tube or a pump line.
One of the two support locations per cold mass assembly will serve as the axial anchor.
The other will have a sliding interface between the support and cold mass to allow for
thermal contraction during cooldown.

The internal cold mass supports are coincident with the external vacuum vessel
support rings. These support rings stiffen the vacuum vessel at the cold mass support
points and serve as the interface between the vacuum vessel and the tunnel mounted
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support and alignment hardware. In the current conceptual design, the vacuum vessel has
a 864 mm outside diameter.

Ambient thermal radiation is intercepted by blankets of multilayer reflective
insulation (MLI) [17] immediately inboard of the inner vacuum vessel surface and by a
50-75 K helium cooled thermal shield. There is an additional MLI blanket on the cold
mass.

Vacuum vessel

Support post and slide 1. 8K supply Heat exchanger \

V72208 Wi Vi |

\ /
\/
[ Cool down return \_col d mass 70K shield Vacuum vessel
stiffener and support

Fig. 11.1.2.2-12. HGQ cryostat cross section.

There are two different outer diameters for the quadrupole cold mass. Those being
fabricated at KEK are 510 mm diameter while those being fabricated at Fermilab are 416
mm diameter. The current cryostat design contain an adapter on the Fermilab assemblies
to increase their diameter at the cold mass attachment locations so that all cryostats will
be identical regardless of the cold mass manufacturer.

11.1.2.2.10  Hell Heat Exchanger

The main function of He Il heat exchanger is to extract heat from the cold mass and
maintain its temperature below 1.9 K during normal operation. Several experiments have
been carried out at CERN to study the thermal performance of the heat exchanger in
which the heat is transported from static pressurized He |1 to the flowing saturated He |1
through either a smooth tube or a corrugated pipe [18, 19, 20]. These studies show that
the heat exchanger exhibits a stable two-phase boiling liquid helium flow and performs as
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an efficient heat sink when vapor and liquid flow in the same direction. The He Il heat
exchanger, however, could be arranged either internally (within the cold mass) or
externally (outside of cold mass) as long as the thermal design requirements are fulfilled.

There are four 60 mm holesin the iron yoke for the Fermilab and KEK designed
guadrupole magnets, and the correction dipole magnets. The internal He 1l heat
exchanger arrangement requires that the heat exchanger pipe be inserted all the way
through from end to end of 30 metersin length. Thus, the positions of the 60 mm holesin
the correction dipole magnets would be constrained to line up with those in the
quadrupoles.

The external He |1 heat exchanger would eliminate this constraint if the thermal
design requirements would be satisfied. The total allowable temperature drop from the
pressurised He 11 in the magnet cold mass to the refrigerator is limited by the LHC
cryogenic system, which is about 100 mK. For both the internally or externally arranged
He Il heat exchanger, the temperature drop must be maintained within 100 mK.

The design work for both internal and external He Il heat exchanger arrangementsis
under way and the thermal analysis between the two is being compared. The final
decision depends on several issues, such as the inner triplet cooldown regime from room
to helium temperature, normal operation under various heat loads, peak quench pressure,
and magnet cooldown regime after quench. The decision depends also on evaluation of
the case of assembly given the mechanical complications arising from the requirement to
accommodate both Japanese- and American-made quadrupoles with European-made
correction coils.
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11.1.2.3 Field Gradient and Short Sample Limit

11.1.2.3.1 I ntroduction

The conductor and iron configurations have been optimized [21] both to minimize
the deviations froma pure quadrupol e field and to maximize the short-sample limit
gradient. This section describes the coil and iron yoke configurations for both the body
and the ends and presents cal culations of the load lines and of the short sample limit
based on SSC strand critical current specifications. The expected magnetic field quality is
discussed in the next section.

11.1.2.3.2 HGQ Magnetic Design

11.1.2.3.21 Magnet straight section

Fig. 11.1.2.3-1 shows the coil cross section for one octant. The four blocks of the
reference octant will be labeled as follows:

* B1: block 1 (15 turns) for outer layer, mid-plane side
* B2 block 2 (1 turn) for outer layer, pole side

» B3: block 3 (11 turns) for inner layer, mid-plane side
* B4: block 4 (3 turns) for inner layer, pole side.

Within each layer, the conductors are numbered from the mid-plane side to the pole
side.
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Fig. 11.1.2.3-1. HGQ magnetic design.

11.1.2.3.22 Endregion

Fig. 11.1.2.3-2 and Fig. 11.1.2.3-3 show the longitudinal cross-section at the pole
angle of the HGQ return and lead end. In both cases the z-axis is directed outwards from
the magnet body. The iron yoke starts at z = —15 cm for the lead end, at z = -5 cm for the
return end. In the lead end, the splice ramp starts at z = -13.78 cm for both the inner and
the outer coil.

/RON/ .50 mm—ﬂ

I EENAYIR Wi
Il ol o W

Fig. 11.1.2.3-2. HGQ return end magnetic design.
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Fig. 11.1.2.3-3. HGQ lead end magnetic design.

The 3D model for the coil end regionsis built by extrusion along the z-axis, starting
from a2D model of the magnet cross-section. The data for the 3D extrusion is obtained
by reading into the ROXIE program [22] the BEND [23] coordinate files, which specify
the cross-sections of each conductor at small intervals along z.

For the return end, 20 cross-sections have been specified from the edge of the iron
yoke to the coil termination. The cross-sections are spaced more closely in those regions
where the bending radius is smaller. The resulting geometry for the return end is shown
inFig. 11.1.2.3-4.

Fig. 11.1.2.3-4. ROXIE-BEND model for the HGQ return end
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Fig. 11.1.2.3-5. ROXIE-BEND model for the HGQ lead end (external splice design).

For the lead end, where the coil is not symmetric with respect to the pole plane, both
the left and the right side of each quadrant (coil) have been defined. For the 3D extrusion,
30 cross-sections have been specified from the edge of the iron yoke to the coil
termination. The resulting geometry is shownin Fig. 11.1.2.3-5.

For both the lead and return end, the model a so includes a straight section extending
from the edge of theiron yoke for 1.5 m in the negative z direction. The coil to coil splice
length is 11.43 cm. The quadrant splices are not included in the model. For each coil, the
two connection conductors extend straight from the magnet body in the z direction and
aretruncated at z = 15 cm.

Thefield calculation is based on the Biot-Savart law. The iron yokeisregarded as a
magnetic mirror of circular shape (inner radius 9.256 cm) with infinite permeability. For
the ROXIE cal culation, each conductor has been subdivided in current filaments, one for
each strand. The total number of strandsis 38 in the inner layer, 46 in the outer layer.

11.1.2.3.3 Gradient and Field Load Lines

Table 11.1.2.3-1 reports the field load line coefficients for each block in the HGQ
cross section computed using ROXIE. The following cases are considered:

* Casel: noironyoke
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e Case 2: circular iron yoke with alinear B-H characteristic (u=3000), inner radius
Rin=92.564 mm and outer radius Rout = infinite.

Table11.1.2.3-1. Field load line coefficients and field gradient in each block.

Case B1, T/KA B2, T/KA B3, T/KA B4, T/KA G, T/m/kA
1 0.532 0.525 0.587 0.639 16.669
2 0.588 0.589 0.643 0.699 18.221

The peak field for the inner layer is obtained in the pole turn (conductor 14). For the
outer layer, depending on the yoke configuration, the peak field is obtained either in
conductor 16 (pole turn, block B2) or in conductor 15 (pole turn, block B1). The gradient
load line coefficients are 16.669 T/m/KA for case 1, 18.221 T/m/KA for case 2. The
relative contribution of theiron yoke to the gradient is about 9%.

Field distribution, computed using POISOPT [24] with the real yoke lamination
design and a non-linear B-H characteristic, is shown in Fig. 11.1.2.3-6. Table 11.1.2.3-2
reports the field and gradient load lines. A packing factor of 98% has been assumed for
the yoke laminations. Based on this result, the operating current for anominal gradient of
200 T/mis 11.11 KA and for the 210 T/m — 11.68 KA.

Table 11.1.2.3-2. Gradient and field load lines for the real iron.

I, kA G, T/m Blmax, T B2max, T B3max, T Bdmax, T
18.34 0.596 0.588 0.649 0.707
109.36 3.551 3.500 3.869 4.212
145.15 4.709 4.639 5.135 5.59(
10 180.64 5.854 5.764 6.391 6.957
12 215.61 6.980 6.868 7.627 8.303
14 249.75 8.072 7.936 8.834 9.618
16 283.40 9.145 8.984 10.024 10.914
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Fig. 11.1.2.3-6. Field lines distribution in HGQ cross section.

For the 3D peak field calculation, the method implemented in ROXIE does not allow
to take into account the contribution of the iron yoke. This means that the field values
calculated in the proximity of the edge of the iron yoke (z = -50 mm for the return end,
z = -150 mm for the lead end) are incorrect. However, the actual peak field normally
occurs in the coil end area,where turns are bending around the pole, and previous
calculations show that the distance from the edge of the iron yoke to this region is
sufficiently large to ensure that the contribution of the iron yoke can be neglected.

Table 11.1.2.3-3. Field load line coefficients in the HGQ straight section, lead and return

end.
Bra/l, TIKA

Block number Lead end Sraight section Return end
1=1-14 KA =1 kA =14 KA 1=1-14 KA

1 0.576 0.596 0.576 0.599

2 0.401 0.588 0.567 0.541

3 0.597 0.649 0.631 0.599

4 0.639 0.707 0.687 0.656

The linear coefficients for the maximum field in each block of the lead and return
end as well as in the magnet body (taking into account the iron saturation and the detailed
iron cross-section) as function of current are reported in Ref???. A comparison between
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these values shows that the peak field in the first-pole block of the outer layer (block 1) is
higher in the return end than in the magnet body and consequently the critical current in
this point determines the magnet short sample limit. Fig. 11.1.2.3-7 shows the variation of
the magnetic field along the z coordinate for some relevant conductors of the return end.
For each block, the conductor where the maximum field occurs has been chosen. As can
be seen, the behavior of block B1 (conductor/turn C15) is anomalous in the sense that the
field keepsincreasing all the way until the coil termination, while for the other conductor
groups a peak is reached in the area where the conductors start bending, then the field
starts to decay. This unusual behavior can be explained by an enhancement of the local
field at the position of conductor C16 due to the relative positions of block B1 (outer
layer) and block B3 (inner layer), as shown in Fig. 11.1.2.3-8.

B/l

(T/KAY c—oB1,C15
5—E1B2,C16
065 1 &—©B3,C27| 1

5

*——* B4, C30

0.60

0.55

0.50

0.45 ‘ ‘ ‘ ‘
500 250 00 250 500 750 1000

z (mm)

Fig. 11.1.2.3-7. Field load line along z for some conductors in the return end. For each
block, the conductor where the maximum field occurs has been chosen.
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Fig. 11.1.2.3-8. Magnetic field enhancement at the position of conductor C16, resulting
from a constructive interference of the contributions of block B1 and block B3.

The variation of the magnetic field along the z coordinate for the most relevant
conductors of the lead end is shown in Fig. 11.1.2.3-9 (outer layer) and Fig. 11.1.2.3-10
(inner layer). It can be seen that the peak field enhancement at the position of
conductor C15 is still present, however the actual valueislower here than in the return
end (0.576 T/KA instead than 0.599 T/kA). This can be explained by the fact that in the
lead end both second-wound groups have one less conductor than in the return end. No
particular problem arisesin the inner layer, as well as at the location of the splice ramps
and current leads.
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Fig. 11.1.2.3-9. Field load line dong z for relevant blocks/turnsin lead end (outer layer).
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Fig. 11.1.2.3-10. Field load line along z for relevant blocks/turnsin lead end (inner layer).

11.1.2.34 Short Sample Limit

The calculated peak field load lines and measured cable critical currents for the HGQ
inner and outer layers are shownin Fig. 11.1.2.3-11 and Fig. 11.1.2.3-12.
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Fig. 11.1.2.3-11. Field load lines and cable critical current for the HGQ inner layer.
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Fig. 11.1.2.3-12. Field load lines and cable critical current for the HGQ outer layer.

Table 11.1.2.3-4 reports the cal culated maximum current in the inner and outer layer
of the HGQ straight section and return end as well as the corresponding field gradient in
the magnet bore. The calculations are based on the assumptions and the results discussed
in the previous sections for the real iron yoke design with the nonlinear B-H iron
characteristic. The contribution of the iron yoke to the end field is neglected.
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Table11.1.2.3-4 . HGQ critical current and maximum field gradient.

Iss, KA Gss, T/m
Inner layer Outer layer
Straight section | 14.5 14.2 254
Return end 15 139 248

As can be seen, for the current HGQ design and the SSC superconducting strands the
HGQ critical current and maximum field gradient are determined by the outer layer in the
return end.

11.1.2.3.5 Summary

The calculated short sample limit for the first HGQ short model based on the
presented above end magnetic design with the SSC strands at 1.9 K is13.9 kA. It
corresponds to the maximum field gradient in magnet bore of 248 T/m. The limitation
comes from the return end region.The short sample limit for the magnet body is 14.2 KA
which corresponds to a maximum gradient of 254 T/m. The reduction of maximum field
in the end regions has been done during HGQ magnetic design optimization. This
problem has been fixed by shifting the end block 2 of the coil outer layer by 20 mm along
the magnet axisin both lead and return end. This allowsto increase the HGQ short
sample limit up to its maximum value 254 T/m for the chosen magnet design and
conductor. A new optimized end design will be used starting from the model #2. Further
end magnetic design optimization is planed during HGQ short model R& D program.

The nominal field gradient of 200 T/m is achieved at nominal current of 11.1 kA,
that is by 20% lower than the HGQ short sample limit. The high critical current margin
should minimize the number of training quenches required to reach the operating gradient
and provides adequate temperature margin for the substantial beam heating experienced
by these magnets.
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11.1.2.4 Field Quality

1.1.24.1 Introduction
The expected field errors in the HGQ straight section aswell asin the lead and return
ends will be discussed in this chapter.

The field quality in magnet central cross-section is described in terms of multipole
coefficients according to the following expression:

By(X,y)+in(X.Y)=i(Bn““iA])E)%WE D

where
Rref - reference radius (for the LHC magnets Rref = 1 cm),
B, and A, - normal and skew harmonic coefficients.

In an ideal quadrupole magnet, all the harmonic coefficients except B, are zero. The
quadrupole gradient G can be obtained from the B, coefficient as G=B,/Rref. The
harmonic coefficients normalized to the main field component B, are determined as
follows: b, = (By/B2)x10*and &, = (A//By)x10%.

An expansion similar to (1) is used for the integrated transverse magnetic field in the
end regions. To make this approach valid the integration intervals start deep enough in
the magnet body and finish far enough from magnet ends. Their axial coordinates with
respect to coordinate systems shown in ??? and ??? have been chosen [-35, +25] cm for
the lead end and [-25, +25] cm for the return end. As in the magnet straight section, the

integrated/average multipole components in the éndmda, are expressed in standard
units (10%) of the main integrated quadrupole compon;rt Bn =(B,/ I_3>2)><104and a,=
(A,/B,)x10* The magnetic length is defined as the length of straight section that would
have an equivalent integrated gradient: L= B, / By,

11.1.2.4.2 Design Harmonics

Table 11.1.2.4-1 reports the first three allowed harmonic coefficients for the design
coil 2D geometry, computed by ROXIE [25] using an analytical model (Biot-Savart law)
for the iron yoke having alinear B-H characteristic with p = 3000, inner radius Ri, =
92.564 mm and outer radius Ryt = . All other normal and skew harmonics with n < 14
are zero. The current flow in the cable is modeled by defining a current filament at the
position of each strand (2x19 filaments for the inner cable, 2x23 filaments for the outer
cable).

Table11.1.2.4-1. Design field harmonics in the 2D HGQ central cross-section at 1 cm and
2 cm reference radius.

n Rref 6 10 14
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bn lcm -0.002 -0.000014 -0.000018

bn 2cm -0.025 0.0037 -0.074

11.1.2.4.3 Field Quality in the Magnet Straight Section

11.1.2.4.3.1 Fielderror sources

The following effects on the field quality in the magnet straight section have been
analyzed.

Mechanical effects. Due to insufficient keystoning of the cables, the coil turns
become progressively more non-radial moving from the mid-plane towards the wedge in
both the inner and outer layers. The non-radial turns do not occupy the full radial cavity
in the curing mold making their radial position not well defined. It is expected that after
curing the turns will be aligned to the outer mold radius. The validity of this assumption
will be checked as part of the model magnet program. The uncertainty range corresponds
to aignment of al turnsto the inner mandrel radius.

The magnetic design was optimized assuming room temperature part dimensions and
absolutely stiff collars. The collared coil deformation during cooling down and under
nominal pre-stress, as well as its deformation under Lorentz forces with respect to the
warm unstressed geometry produce systematic field errors. The Lorentz force effect is
negligible at injection and maximal at collision.

Deviations from nominal pre-stress and turn or coil block displacements due to
manufacturing tolerances contribute to the random errors.

Magnetization effects. The coil magnetization is determined by the critical current
density in the superconductor, filament diameter, Cu/Sc ratio, etc. This effect is maximal
at injection and becomes negligible at collision. The uncertainty is related to the accuracy
of the model and the parameters of the conductors. .

The magnetization of the stainless stedl collars and beam pipe (internal beam
absorber) produces current independent field harmonics, which depend on geometry and
magnetic permeability. A nominal collar permeability of 1.003 was expected. The larger
values up to 1.006 were also studied and included as uncertainty in the systematic value .
A beam pipe/absorber with 27mm inner radius, 6 mm thickness and magnetic
permeability 1.005 has been analyzed. Both the systematic effect and the random
contribution due to beam pipe/absorber misalignment were found to be negligible if the
offset isbelow 0.5 mm.

The yoke cross section was optimized to minimize the change in the harmonics due
to iron saturation and to compensate the harmonics due to collar magnetization. The
uncertainty is related to a precise knowledge of theiron B-H characteristic which is not
known yet.

Iron isthe materia of choice for the cryostat vacuum vessel. The cold massis placed
off-center with respect to this shell. The effect on the harmonics has been analyzed and
found to be negligible.
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Magnetic measurements. The field quality of each HGQ magnet will be determined
during magnetic measurements. Measurement errors contribute to the uncertainty in the
systematic harmonics and to the harmonic RM S spread. Since the measurement system is
still being designed, the estimates have been done based on data available in [26, 27].

[1.11.2.4.3.2 Systematic errors

The systematic errors for the non-allowed harmonics are assumed to be zero with
zero uncertainty, therefore disregarding the effect of possible asymmetries and
imperfections in the components and in the tooling equipment. For the allowed
harmonics, the systematic errors are expressed in terms of an expected value and an
uncertainty range with respect to this value. The uncertainty range isin genera not
symmetric around the expected value. No assumption is made here regarding the
probability to obtain a particular value of the harmonics within the uncertainty range.

Design systematic errors and error uncertainty range are summarized in Table
[1.1.2.4-2. The total calculated systematic value of bg at injection is —0.09 with
uncertainty [-0.14, +0.04], and at collisiogig +0.01 with uncertainty [-0.14, +0.02].
Table 11.1.2.4-3 shows the expected uncertainty in the systematic errors resulting from
the accuracy of magnetic measurements.
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Table 11.1.2.4-2. Design systematic field errors and error uncertainty range at 1 cm.

bG blO b14
Effect . . .
Expected Uncertainty Expected Uncertainty Expected Uncertainty
contribution range contribution range contribution range
Coil optimization | -0.002 -0.000014 -0.000018
Turn alignment 0.0 +0.0 0.0 +0.0 0.0 +0.0000041
-0.134 0.00063 -0.0
Prestressat 1L9K | 0.029 0.00017 -0.0000003
and 1=0
Lorentz forceat 13 | -0.017 0.000028 0.0000007
kA
Coil magnetization | -0.11 +0.03 -0.00013 +0.000035 0.0000018 +0.0000003
at injection
-0.03 -0.000035 -0.0000003
Collar -0.018 +0.0 0.000076 +0.000076 -0.0000001 +0.0
magnetization
-0.018 -0.0 -0.0000001
Yokegeometry | 0,016 -0.00001 -0.0000001
Iron saturation 0.005 +0.001 0.000001 -0.0000003
-0.001

Table11.1.2.4-3. Expected measurement field errorsat 1 cm.

n an, by

3 +0.16

4 +0.085

5 +0.042

6 +0.020

7 +0.0095

8 +0.0044

9 +0.0020
10 +0.00087
11 +0.00038
12 +0.00017
13 +0.000073
14 +0.000031
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11.1.2.4.3.3 Randomerrors

Table11.1.2.4-4 and Table 11.1.2.4-5 present the expected random errors in the HGQ
harmonics due to both random displacements of turns and blocks in the coil during
magnet fabrication and expected RM S of measurement data. The expected block
displacement rangesin both radial and azimuthal directions were £50 microns and the
turn displacement ranges were determined by the possible turn misalignment in the
curing mold.  Analysis shows that for the normal and skew harmonics with n<7 the
random errors will be dominated by the geometrical errors (basically block displacement)
during magnet fabrication, while for higher order harmonics (n>7) the RMS spread of the
measurement results will dominate.

Table11.1.2.4-4. Normal random errorsat 1 cm.

n Block Turn Measurement Total

3 0.954 0.178 0.080 0.97

4 0.345 0.0216 0.042 0.35

5 0.0873 0.0178 0.021 0.092

6 0.0249 0.00817 0.010 0.028

7 0.00648 0.00153 0.0047 0.0082
8 0.00168 0.000622 0.0021 0.0028
9 0.000387 0.000130 0.00098 0.0011
10 0.0000972 0.0000347 0.00044 0.00045
11 0.0000241 0.0000104 0.00019 0.00019
12 0.00000586 0.00000256 0.000084 0.000084
13 0.00000157 0.000000631 0.000036 0.000036
14 0.00000176 0.000000001 0.000016 0.000016
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Table11.1.2.4-5. Skew random errors at 1 cm.

n Block Turn Measurement Total

3 0.937 0.189 0.080 0.96

4 0.323 0.0854 0.042 0.34

5 0.0876 0.0189 0.021 0.092

6 0.0224 0.00418 0.010 0.025

7 0.00656 0.00156 0.0047 0.0083
8 0.00155 0.000249 0.0021 0.0027
9 0.000377 0.000132 0.00098 0.0010
10 0.0000928 0.0000418 0.00044 0.00045
11 0.0000247 0.0000110 0.00019 0.00019
12 0.00000579 0.00000393 0.000084 0.000084
13 0.00000148 0.000000554 0.000036 0.000036
14 0.00000000 0.000000000 0.000016 0.000016

Comparisons between the predicted random errors for the HGQ and the results of
measurements of the random field errorsfor FNAL LBQ [28] and HERA arc quadrupoles

0.01 |

<bn>

0.001

0.0001 | SEEEEEEE SEEEEEER: O CEE

0.00001

Harmonic number

[29] presented in

Fig. 11.1.2.4-1 and Fig. 11.1.2.4-2. LBQ magnets have been designed and fabricated at
Fermilab, Saclay-HERA arc quads have been designed by Saclay and produced by
industry. The HGQ results are given at areference radius of 10 mm, corresponding to
1/3.5 of the HGQ boreradius. The HERA and LBQ experimental data have been scaled
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to areference radius corresponding to the same fraction of the magnet bore. The
resulting reference radii are 10.87 mm for LBQ and 10.71 mm for HERA quadrupoles.
These magnets have been chosen for the following reasons. magnet design utilizes two
layer coils; bore radius is comparable with HGQ bore (75 mm for Saclay-HERA quad;
and 76 mm for FNAL LBQ)
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Fig. 11.1.2.4-1. Random normal harmonic coefficients.
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Fig. 11.1.2.4-2. Random skew harmonic coefficients.

As can be seen, the expected random field errors for the HGQ are in a good
agreement with the random field errors measured in LBQ and HERA quads. However,
the experimental data indicate that the HGQ random errors for non-allowed low order
harmonics (n<9) might be lower than the cal culated val ues presented in this report.

11.1.24.4 Field Quality in the Ends

Practical experience shows that in the end regions the systematic field errors due to
the coil geometry dominates with respect to al other systematic and random effects. The
integrated/average systematic multipole coefficients and cal culated magnetic length for
the lead and return end are presented in Table I1.1.2.4-6.

Table 11.1.2.4-6. Integrated harmonic coefficients at 1 cm reference radius and magnetic
length for the HGQ lead and return end.

Parameter Lead End Return End

End magnetic length, m 0.4072 0.3178

62 10000 10000

66 0.597 0.048

610 -0.0032 -0.0041

614 -0.000015 -0.000017

a, 42.8 0

4, 0.025 0

a, -0.0011 0

a, -0.000006 0

The uncertainty in the data presented in Table 11.1.2.4-6 isrelated to the accuracy of
the computation model. It is estimated as £1% for the end magnetic length, +10% for the
low order multipoles (n<6) and +1% for the higher order multipole coefficients.

The multipole coefficients b, and &, for the orders n = 2, 6, 10 averaged along the

small integration intervals [z, zg] of 2 mm as function of those interval longitudinal
pozition z in the lead and return end are reported in Fig. 11.1.2.4-3 through Fig. 11.1.2.4-8.
The data presented on these plots show the contribution of different regions aong the
magnet ends into the average end field harmonic coefficients presented in Table
[1.1.2.4-6.
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11.1.2.4.5 Summary

Analysis of the field quality in the HGQ show that it is close to the preliminary
specification presented in Section 11.1.2.1. Some correction of systematic and random
errors for the low order harmonics can be required. The possibilities for such correction
arereserved in HGQ design.

The systematic error correction scheme relies on modification of the coil geometry
using pole and mid-plane shimsin each octant, independently for the inner and outer
layer. Larger corrections may be obtained by changing the thickness of the bearing strips,
while for fine tuning of the harmonics insulation layers 25 pum thick can be added or
removed. The analysis shows that corrections of the systematic harmonics at nominal
gradient within the predicted range of variation are possible using the existing tuning
capability. Should larger effects appear the cross-section iteration might be considered.
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Fig. 11.1.2.4-3. b, in the lead and return end.
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The RMS spread in the harmonics may be reduced either by coil re-shimming after
warm magnetic measurements or by the use of iron tuning shims. The first method
provides a current-independent correction, but it is labor-intensive and subject to some
uncertainty as the harmonicsis not exactly reproducible after collared coil reassembling.
The second method is very attractive in terms of required effort and reproducibility, but
the resulting correction is current-dependent due to saturation effects and is effective
only for the few lowest order harmonics. Preliminary calculations indicate that only 50%
of the correction capability at low current is preserved at nomina gradient. The HGQ
magnetic design optimization and field quality correction scheme will be studied as part
of the model magnet R& D program.
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[1.1.2.5 Mechanical Analysis

[1.1.25.1 I ntroduction

To stabilize the magnetic field characteristics of HGQ in operating field range and to
reduce the probability of spontaneous quenches caused by turn motion, it is necessary to
ensure the mechanical stability of turnsin the coil. Turn mechanical stability is achieved
by applying the prestress to the coil during magnet fabrication and by supporting the
compressed coil during operation with arigid support structure. The required prestress
value is determined by magnet design, nominal operating field (field gradient) and
mechanical properties of structural materials.

Coil mechanical support and prestress in the current HGQ design is completely
provided by the stainless collars. Thick end plates are used to restrict the longitudinal coil
motion under Lorentz forces. The prestress applied to the magnet coils at room
temperature has to be sufficient to compensate the prestress decrease caused by collar
spring back after the pressload release, coil creep, differencein the coil and collar
thermal contraction and Lorentz forces during magnet excitation.

Finite element analysis using ANSY S models has been performed to optimize HGQ
coil prestress, to minimize stress in major elements of coil support structure and to
determine the magnet cross-section deformation at room and helium temperature. The
goal of thisanalysisisto develop arobust mechanical design, which istolerant of
manufacturing uncertainties in prestress and part sizes.

1.1.2.5.2 Finite Element M odel Description

The ANSY Sfinite element models have been devel oped to analyze the mechanical
characteristics of HGQ design during coil collaring, cooldown, and excitation to the
maximum gradient.

[1.11.25.21 Sraight section and return end models.

2D ANSY S models of the HGQ collared coil straight section with regular collars and
the return end with round collars are shown in Fig. 11.1.2.5-1. Models include inner and
outer coils, ground wrap and interlayer insulation, two layers of collar laminations, and
two keys per quadrant. Frictionless contact elements are used as interfaces between
components. Radial contact elements are used between the inner and outer coil, outer
coil and collar. Azimuthal contact elements are used between the coils and collar pole
faces, collars and keys. The two layers of collars produce reactions, which balance each
other against the key. Quadrant symmetry is accomplished using radial and azimuthal
couples between the horizontal and vertical surfaces of the coils: collars are coupled
radially and azimuthally from the front collar at 0° to the back collar at 90° and from the
front collar at 90° to the back collar at 0°.
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Fig. 11.1.2.5-1. 2D ANSY S models of the HGQ collared coil straight section (a) and
return end (b).
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11.1.2.5.2.2 Lead end (end can) model.

A 2D ANSY S modédl of the end can (magnet lead end) is presented in Fig. 11.1.2.5-2.
The model includes the inner and outer coils surrounded by the Kapton ground insulation,
ULTEM collet and pole insert block. An aluminum ring restrains the radial motion of all
parts of the model. The geometry corresponds to the cross-section at the collared-
coil/endcan interface where the Lorentz forces are largest. Octant symmetry isused in
the model.
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Fig. 11.1.2.5-2. 2D ANSY S model of the HGQ lead end.

In the above models, all design components are represented with 4-node plane
quadrilateral elements (PLANE 42). Materia interfaces are modeled with one-
dimensional gaps (COMBIN 40) oriented perpendicular to the interface without friction.
The coail prestressinduced during collaring, is simulated by imposing an azimuthal coil
oversizing in the midplane. Cooldown to operating temperature is approximated by a
uniform temperature change utilizing integrated thermal contraction coefficients from
300K to 1.8 K. Lorentz forces extracted from a magnetic analysis on a geometrically

similar model at 13 kA, which corresponds to a gradient of 235 T/m, are also included in
the models.

11.1.2.5.2.3 End plates
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A 3D ANSY S end plate model is shown in Fig. 11.1.2.5-3. The model consists of the
thick end plate and skin, with the skin length extended back to the lead end cross section.
The end plate includes a central round hole for the magnet beam pipe, round cooling
holes, and rectangular holes for the bus bars. Octant symmetry is used in the model. The
lead slot is simulated by removing the symmetry boundary conditions at that location.

Fig. 11.1.2.5-3. 3D ANSY S end plate model.

A point force equal to Lorentz load in one octant, is applied in the location near
beam pipe hole corresponding to the location of the end loading screw, asit isshownin
Fig. 11.1.2.5-4. Results are taken at locations far enough away from this point such that
local deformations due to the point load do not affect the results.

11.1.25.3 L orentz Forces

The Lorentz forces acting on the coil turns are proportional to the product of current
in the turn and external magnetic field. The distributions of x and y components of
Lorentz force aswell astotal Lorentz force, calculated at a current of 1 kA in the magnet
straight section, are shownin Fig. 11.1.2.5-4.
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The distribution of the longitudinal Lorentz force calculated for the HGQ return end
at current of 1 kA ispresentedin Fig. 11.1.2.5-5.

30

—e—Fz-out
—m—Fzin

20

10 A

Lorentz force, N (@1kA)

0 T T T T T T T T T T T T T T T
b 1/2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Turn number

Fig. 11.1.2.5-5. Distribution of the longitudinal component of Lorentz forcein HGQ
return end.
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The distribution of the longitudinal Lorentz forces for the conductor groups at
current of 14 kA per octant is summarized in Table 11.1.2.5-1. The contribution of the 15-
conductor group in the outer layer is dominating. The resulting longitudinal force for one
octant at 14 KA current is 35.6 kKN.

Table11.1.2.5-1. Longitudinal Lorentz forcesin magnet ends.

Layer Conductor group Total force, kN
Inner 11 conductors 7.7
Inner 3 conductors 2.9
Outer 15 conductors 23.3
Outer 1 conductor 1.7
1.1.25.4 Material Properties

11.1.25.4.1 Sructural materials.

Mechanical properties of the materials, which are used in the magnet, are
summarized in Table 11.1.2.5-2. They have been extracted from the papers[30 - 37].
Analysis of the data published has shown that the mechanical properties of the metallic
materials at room and low temperatures are well known and reproducible for the different
manufacturers. The uncertainty and reproducibility of the mechanical properties for the

Kapton and nonmetallic compound materials are much larger.

Table 11.1.2.5-2. Material mechanical properties.

Structural Material Thermal contraction Elasticity modulus,
element (300-2 K), GPa

mnym warm cold

Cable Copper-NDbTi 2.8 28 30
composite

Wedge Copper 3.3 120 150
Insulation | Kapton 0-10-13,||- 6.0-7.5 1.5-25 4.5-10
End ULTEM 6.5-7.0 7.3 85
Spacer
Collar Nitronic-40 3.0 190 210
Key Bronze 3.3 120 150
Y oke Soft iron 20 205 220
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Skin 316L 3.0 190 210

11.1.2.5.4.2 Coil mechanical properties.

Mechanical properties of the HGQ coils, calculated based on the mechanical
properties of the coil structural materials, as well as the expected azimuthal size deviation
aresummarized in Table 11.1.2.5-3. These data are consistent with the measurement
results obtained on HERA, UNK and SSC magnet coils [38 - 42].

Table11.1.2.5-3. Coil mechanical properties (expected).

Azimuthal cail Azimuthal Azimuthal elasticity modulus,
Size deviation, thermal GP
: a
contraction,
{m mnvm warm cold
Inner layer +50 3.8-4.0 7(13) 13
Outer layer +50 4.0-4.3 11 (24) 24

*) Warm elasticity modulus shown in brackets corresponds to the coil download line.

1.1.2.5.5 Results

[1.1.255.1 Coil Prestress.

Cail prestress has to be sufficient to provide the turn mechanical stability at operating
temperature over the operation current range. At the same time it should not harm the
cable/coail insulation at room temperature. During the HGQ prestress optimization it is
also important to provide approximately uniform coil prestress in the magnet at both
room and helium temperatures. The calculated nominal prestress for the HGQ inner and
outer coils after assembling at room temperature as well as at helium temperature without
current and with nominal current in the coil is summarized in Table 11.1.2.5-4.

Table11.1.2.5-4. Nominal Coil Prestressin Pole Region

Inner/outer coil prestress, MPa
Lead end Straight section Return end
(end can) (regular collars) (round collars)
T=300 K 79/65 7877 83/72
T=19K, =0 68/46 74/68 73/49
T=19K, I=13 kA 24/23 27/35 27127
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The expected prestress variation in magnet straight section with respect to the
nominal coil prestressiswithin £12 MPain the inner layer and within £20 MPain the
outer layer. It corresponds to the essumed +50 um azimuthal coil size variation. The
nominal coil prestress at room temperature is set by the requirement that at operating
temperature and currents up to 13 kA the minimal coil prestressin pole region in both
layersis not lessthan 15 MPa. As can be seen the maximum coil prestress at room
temperature in both layers does not exceed 100 MPa, which is acceptable for the cable
and coil insulation.

[1.1.2.5.5.2 Caollar, End Can and Key Stress.

The maximum stress in materials of the major elements of the coil support structure
should be minimized to provide reliable long term magnet operation under thermal and
current cycles. The stress distribution in front regular (a) and front round (b) collar for
the maximum coil prestress at room temperature calculated using non-elastic material
propertiesis shown in Fig. 11.1.2.5-6. The maximum calculated stress in the end can as
well asin the regular and round collar laminations are summarized in Table 11.1.2.5-5.

Table11.1.2.5-5. Collar/end can maximum stress.

Maximum stress, MPa
Lead end Sraight section Return end
(end can) (regular collars) (round collars)
T=300K 130 690 690
T=19K, =0 107 650 660
T=19K, I=13 KA 157 720 710

ANSY S calculations show that at room temperature the maximum stress in the
collars achieves the stainless steel yield stressin small regions near key grooves. To
reduce the size of these areas and to minimize the stress concentrations, the key grooves
have large radii corners.. Comparison of the results of ANSY S calculation of maximum
stress valuesin the HGQ and SSC dipole collars shows that they are on the same level.
Based on that and on the real performance of the SSC dipole collars one can conclude
that the existence of the stress concentration areas should not reduce the reliability of the
HGQ coil support structure.

The maximum stress in the 30 mm thick aluminum end can does not exceed 135
MPa at room temperature and 160 M Pa during magnet operation at currents up to 13 kKA.
Thisvalueissmaller than yield stressfor the aluminum at both room and helium
temperature.

The average stress in the keys changes from 620 MPa at room temperature to 420
MPa after cool down to 1.9 K and then to 540 MPa at the operating current 13 kKA. All
these values are below yield stress for key material.
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11.1.25.5.3 Cross section deflection.

Magnet cross section deformation caused by the coil prestress and Lorentz forces,
affectsthe field quality in the bore. Turnradia displacements from the warm unstressed
geometry (magnetic design) in the quadrupole straight section, calculated for the
nominal coil prestress and nominal Lorentz forces at room and helium temperatures as
well as at field gradient of 235 T/m are presented in Fig. 11.1.2.5-7. Bore deflections at
the midplane from the warm unstressed geometry (magnetic design) in the straight
section and lead and return ends are summarized in Table 11.1.2.5-1. At operating
currents up to 13 kA (235 T/m) theradial cross section deflections from the magnetic
design in the magnet body are everywhere less than 60 um. In the end regions the
magnet bore deflection is by factor of 2.5 higher.
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Fig. 11.1.2.5-7. Turn radia displacement in the coil inner (&) and outer (b) layers.
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Table11.1.2.5-6. Coil inner radius deflections at midplanes in different magnet cross

sections.
Midplane bore radial deflection, 4z m
Lead end Sraight section Return end
(end can) (regular collars) (round collars)
T=300 K 140 100 115
T=19K, =0 -15 -20 -40
T=19K, I=13 kA 145 60 95

The turn azimuthal and radial motions under Lorentz force action in the operation
current range of 0to13 kA areplottedin Fig. 11.1.2.5-8. It was found that the maximum
value of the azimuthal turn displacement in the above current rangeis less than 45 um
and the maximal radial displacement islessthan 85 um. The effect of radial and
azimuthal turn displacements on the HGQ field quality was considered in Section
11.1.2.4.
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Fig. 11.1.2.5-8. Azimuthal and radial turn displacement at 13 kA with respect to cold turn
position in the coil.

[1.11.25.5.4 End Platesand Skin.

The optimization of the end plate thickness includes the minimization of end plate
deflection and skin elongation as well as the minimization of mechanical stresses, which
occur in the areawhere end plates are welded to the skin. The calculated end plate
maximum longitudinal deflection and maximum skin stress for the different end plate
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thickness at 14 kA are presented in Table 11.1.2.5-7. The maximum skin stressis low
enough for any of the end plate thickness considered. The skin elongation under the
Lorentz forces at current of 14 kA is about 80 pm. Thus at chosen end plate thickness of
50 mm the HGQ coil end longitudinal motion does not exceed 0.5 mm.

Table 11.1.2.5-7. Maximum end plate deflection and skin stress

Plate thickness, Maximum end plate Maximum skin stress,
mm longitudinal deflection, £ m MPa
30 1382 201
40 690 127
50 409 88
60 276 65
70 205 53

11.1.2.5.6 Summary

ANSY S analysis of the HGQ mechanical structure shows that the mechanical design
chosen provides the coil prestress required for the operating current range with sufficient
margin, reliably restricts turn radial, azimuthal and longitudinal motion under the Lorentz
force action. The maximal mechanical stressesin the magjor elements of coil support
structure are less than the yield stress for the materials used. Existence of the small stress
concentration areas in the HGQ collars should not reduce the reliability of the HGQ coil
support structure.

During HGQ short model R& D stage mechanical design, structural components and
materials will be experimentally studied and further optimized.
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11.1.2.6 Thermal Analysis

11.1.2.6.1 I ntroduction

The HGQ will be installed on both sides of each interaction region. A continuous
heat |oad due to the beam-induced energy deposition will be released in magnet coils.
This energy deposition varies as a function of longitudinal location, azimuth, and radius
within the interaction region [43, 44]. The longitudinal distribution of the radiation
induced heat deposition in LHC IR quadrupolesis shownin Fig. 11.1.2.6-1. Tipical radial
and azimuthal distributions of the radiation induced heat deposition for the above
mentioned cross section are shown in Fig. 11.1.2.6-2 and Fig. 11.1.2.6-3.
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Fig. 11.1.2.6-1. Peak power density vs. z for different aperture absorbers. IR layout is
shown on horizontal axis.
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Fig. 11.1.2.6-3. Azimuthal distribution of radiation-induced heat depositions.

Analysis of this distributions indicates that maximum value of the beam induced heat
depositionsin the inner triplet isin the region distanced from the interaction point by 32-
33 m, which islocated in the Q2a.

At the nominal luminosity of 10* cm™s™ without the internal beam absorber in the
magnet bore the maximum beam induced power achieves 1.2 mW/g.

The beam induced energy deposition as well as another factors (AC losses, splice
heating, fluctuations of the helium temperature in cryogenic system, etc.) will cause the
magnet coil temperature rise. To prevent magnet quench the cable/turn temperature
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everywhere in the magnet coil should be kept below the superconductor critical
temperature.

This chapter describes the results of calculation of the HGQ critical temperature
margin and magnet operation margin. The calculations of the temperature rise from the
inner cable to the annular helium channel, then from the annular region through the
laminations to the cooling holes in the iron yoke, and from the cooling holes through a
heat exchanger to the saturated He |11 bath are also presented. The two different He Il heat
exchanger design and arrangement are anal yzed.

11.1.2.6.2 Critical TemperatureMargin

The critical temperature margin of the turnsin the coil is defined as the difference
between the turn critical temperature and the helium bath temperature. The turn critical
temperature margin is determined by the magnet design, operating temperature, operating
current, and critical parameters of the superconductor used. The turn critical temperature
margin in the HGQ coil with the SSC strandsis plotted in Fig. 11.1.2.6-4 for the He Il
temperature of 1.9 K and the operating current equal to the magnet critical current.

Temperature margin, K
H
(&)
I

Turn number

Fig. 11.1.2.6-4. Temperature margin of inner and outer layer turnsat | = Ic:
x - inner layer; + - outer layer.

It is seen that for the above mentioned conditions all turnsin the HGQ inner layer
except pole turn have a critical temperature margin within 0.7-1 K. Temperature margin
for the most of outer layer turns except two pole turns at the same conditions is within
0.5-2.8K.
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The effect of the magnet operating current on the turn temperature margin for the
HGQ inner/outer layer pole and midplane turns at 1.9 K operation temperature is shown
inFig. 11.1.2.6-5. Theturn critical temperature margin is practically linearly increased
when the magnet operating current is reduced with respect to the magnet critical current.
The critical current margin of 10% adds about 1 K to the magnet critical temperature
margin, which is determined by the inner layer pole turns. For the nominal field gradient
of 200 T/m the corresponding critical current margin is 20% (nominal/critical current
ratio is 0.8). In this case the critical temperature margin of the inner-layer midplane turns
isabout 2.4 K and of the outer-layer midplane turnsis above 3.7 K. The critical
temperature margin of the pole turns (magnet critical temperature margin) is about 1.9 K.
At injection the critical temperature margin for all turnsin the coail is practically the same
andisat least 7.5 K.

10 | | | |

Temperature margin, K

l l l l
0 0.2 04 0.6 0.8 1

Magnet normalized current

Fig. 11.1.2.6-5. Turn critical temperature margin vs. normalized magnet current:
0 - inner and outer layer pole turns,
+ - inner-layer midplane turns,
x - outer-layer midplane turns.

11.1.2.6.3 Magnet Operational Margin

The magnet operational margin is defined as aratio of the turn critical temperature
margin to turn temperature rise with respect to the He |1 bath temperature. The
temperature difference between the insulated cable and surrounding He Il (cable
temperature rise) is determined by

AT= ELPA, (5.1)
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where

gv - the average heating power density in the cable;
A - the cable cross sectional area;

h - the heat conductance between the cable and He ll;
Pc - the cable cooling (“wet”) perimeter.

The cable cooling perimeté is determined by the second layer insulation
wrapping scheme

Pc:SJfPtEE%[H (5.2)

[d+w
where
P - the cable total perimeter;
s —cable minor edge length;
d and w - the cooling channel width and Kapton film width, respectively.

The total thermal resistance consists of the thermal resistance through the Kapton
film (cableinsulation) and Kapitzathermal resistance between the Kapton film and He 11.
The cable is considered to be in the “dry” condition, that is, no superfluid helium exists
between the bare cable and Kapton insulation. The heat conduictdimer, can be
determined from

1
+E , (5.3)

bl NS
=l

where
0 andk - the thickness and thermal conductivity of Kapton film, respectively;

hk - the Kapitza thermal conductance between the Kapton film and He II.

The effect of contact thermal resistance between the Kapton film and the cable is
usually included in the Kapton thermal conductivity measurement and therefore it is not
included in (5.3). The typical value of Kapton thermal conductivity at 1.9 K is
0.005 W/m/K and Kapitza thermal conductance between Kapton and He Il is
300 W/nf/K.

The effective heat transfer coefficient and the cable cooling perimeter in the HGQ
inner and outer layers are presented in Table 11.1.2.6-1. Two cases are expected: regular
turn cooling conditions with He Il penetration inside inner coil into the inter-turn cooling

channels and poor cooling conditions when the inter-turn cooling channels are closed for
some reasons.
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Table11.1.2.6-1. The effective heat transfer coefficient and cable cooling perimeter.

Coil layer h, WImé/K P mm Case
Inner 75 10 Regular
53 15 Poor
Outer 10 2 Regular
5 2 Poor

The calcul ated temperature rise for the inner and outer layer midplane turns vs.
average heat energy in the cable isplotted in Fig. 11.1.2.6-9. Both regular and poor turn
cooling conditions are presented. The upper horizontal line shows the turn critical
temperature margin at the nominal field gradient of 200 T/m. The lower horizontal line
corresponds to the He |1 lambda-temperature (transition temperature of He Il from
normal to superfluid phase). In case of poor cable cooling conditions the maximum
power density in the inner-layer turns must be less than 0.19 W/m and the maximum
outer-layer power density must be less than 0.038 W/m. Asit follows from Fig.
[1.1.2.6-6, the ratio of inner to outer layer heat deposition is about 2.5, and thus the above
maximum outer-layer power density is achieved at the inner-layer power density of
0.095 W/m or by factor of two smaller than the maximum value for the inner layer. It
means that in the case of poor cable cooling conditions the outer layer is limiting the
magnet operation performance. For the regular cable cooling conditions the inner layer
cable temperature can be kept below T, at inner-layer power density up to 0.19 W/m and
the outer layer cable temperature will be below its critical value.
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Fig. 11.1.2.6-6. Inner (a) and outer (b) layer mid-plane turn temperature rise vs. average heat deposition in
the inner cable:
O - regular turn cooling conditions; x - poor cooling conditions;
----- horizontal line correspondsto T, = TA;
O -0 - horizonta line corresponds to turn critical temperature margin at G=200 T/m.
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The reduction of beam induced energy depositions in the magnet coil can be
achieved with the help of thick beam pipe/absorber [44]. The results of calculations of
inner/outer layer midplane turn temperature rise and layer operational margin for
different beam pipe thicknessin the case of poor coil cooling conditions are summarized
in Table11.1.2.6-2. In case of regular cooling conditions, the HGQ inner-layer operational
margin increases by order of magnitude and the outer-layer margin increases by factor of
two with respect to the data presented in Table 11.1.2.6-2. As can be seen, that 4-6 mm
thick beam pipe/absorber providesthe operational margin of about 1.3-1.9 for HGQ even
in case of poor coil cooling conditions.

Table11.1.2.6-2. Temperature rise for the inner layer cable and inner/outer layer
operational margin at different beam pipe/absorber thickness.

d, |Pmax, | Pin, | Pout, Inner layer Outer layer

mm | Mg | Wim | WIm | A Taye, K | ATA Tape | A Teave, K | 4 TA Teaple
0 1.2 | 0.174 | 0.055 2.19 1.08 55 0.67

2 0.8 | 0.116 | 0.037 1.46 1.62 3.7 1.0

4 0.6 | 0.087 | 0.028 1.09 2.17 2.8 1.32

6 0.45 | 0.058 | 0.019 0.73 3.25 1.9 1.94

1.1.2.6.4 Superfluid Hein Small Interturn Channels

To provide the regular coil cooling conditions the Hell temperature inside the inner
coil cooling channels must be kept lessthan T. An additional temperature distribution is
calculated for the heat transport in the He Il cooling channel radialy inward to the beam
piperegion (Fig. 11.1.2.6-7). The temperature profiles within the cooling channel have
been calculated by using the Gorter-Mellink equation along the channel length, assuming
aconstant wall heat flux, gs. The surface heat flux has been calculated based on the
volumetric heat load of the midplane turn, cable cross sectional area and the cooling
perimeter of the cable. The heat removal capability of He |l in the cooling channel
depends on the cooling channel height H and surface heat flux.

Fig. 11.1.2.6-7. Hell cooling channels formed by the second layer of Kapton film.
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He Il temperature profiles within a cooling channel with the 2 mm width and 0.025
mm height calculated for various values of surface heat flux are plotted in Fig. 11.1.2.6-8.
The critical surface heat flux for such channelsis 13.6 mW/cm?. This value iswell above
the maximum expected heat flux of about 1.8 mW/cm? into the interlayer channels for
the HGQ inner layer midplane turns at chosen inner cable insulation scheme.
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[ 1.844 mW/cm
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0 2 4 6 8 10 12 14 16

Distance along Channel Length (mm)

Fig. 11.1.2.6-8. Hell temperature profiles for various surface heat fluxes.

The effect of channel height on the temperature profiles for a heat flux of 1.8
mW/cm? within the He |1 cooling channel is shown in Fig. 11.1.2.6-9. Clearly, the channel
height H has to be at least 0.005 mm to keep the He Il temperature within the channel
below 1.95 K for the expected heat flux. The strong dependence of temperature on
channel height emphasi zes the importance of maintaining a minimum gap during the
assembly and curing of the coil package.
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Fig. 11.1.2.6-9. Hell temperature profiles for varied channel heights.

11.1.2.6.5

Heat Flow Through Laminations

The temperature drop of He Il from the beam pipe to the four cooling holes located
in the iron yoke for various lamination packing factors has been calculated using the
Gorter-Mellink equation, in amanner similar to that used for SSC interaction region
guadrupoles [45]. The calculated temperature drop for the peak heat load of 5 W/m per
guadrant along the magnet axis s plotted as a function of collar and yoke lamination
packing factor in Fig. 11.1.2.6-10.

82



- DRAFT -

Temperature Drop (mK)

0.96 0.97 0.98 0.99
L amination Packing Factor

Fig. 11.1.2.6-10. He Il temperature drop vs. lamination packing factor.

The temperature drop within the He Il is very sensitive to the gap size between the
laminations as predicted by the Gorter-Mellink equation. The temperature dropsin the
annular channel near the beam pipe and in the collar pole area, where the special channels
for He free flow are provided by the chosen collar design, are less than 0.1 mK and
temperature can be considered as constant. The temperature drop from beam pipe to the
coolant holesin the iron yoke can be maintained below 15 mK if a packing factor of 99%
or lessis achieved. Although the correlation between packing factor and average gap size
between laminations is direct, individual gap sizes vary. The design iron packing factor
for the HGQ is around 98%, and a small temperature drop of this size can be achieved.

11.1.2.6.6 Hell Heat Exchanger

Heat exchanger transfers heat from a pressurized superfluid helium in the magnetsto
a saturated superfluid bath where heat is carried away by the pumped vapor. The He |l
heat exchanger for the LHC SC dipole magnetsisa pipe placed inside the hole in the
iron yoke [46]. Saturated He 11 flows inside the pipe and is vaporized while absorbing
heat from pressurized He |1 surrounding the pipe. For the LHC arc dipole magnets, with
an average heat load of 0.4 W/m, one heat exchanger pipe in one of the two
symmetrically arranged holesin the iron yoke provides sufficient heat exchange.

For the interaction region quadrupoles at nominal beam luminosity, the average heat
load is 5.3 W/m, which is 13 times higher than that of arc dipole magnets. Based on the
He Il heat exchanger experiment carried out at CERN [47], and using adesign similar to
that of the arc dipoles, four corrugated pipes are needed in the iron yoke to transport the
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heat from pressurized He |1 to saturated He 1. One must carry each of these four heat
exchanger pipes through interconnect between quadrupoles as well as control the
saturated He Il level in the four pipes.

There is an aternative to the four internal heat exchanger pipes. The heat can be
carried through pressurized superfluid helium in the four holes in the magnet yoke as well
asin the annular channel between magnet coil and beam pipe to the ends of the magnet
and then through alarger pipe to an external heat exchanger in the same cryostat, parallel
to the magnet. This heat exchanger may just be a corrugated pipe-in-pipe like what would
have been in the magnet iron yoke, only abit larger in diameter. The advantages of this
system are the simplification of magnet interconnects and only one saturated liquid level
to control as well as eliminating the need to place cooling holes at the same radius in the
Fermilab and KEK quadrupoles and CERN multipole correctors..

Calculations were made comparing the internal and external heat exchanger
arrangements. Fig. 11.1.2.6-11 shows the maximum temperature rise as a function of the
hole diameter in iron yoke. Three curves for the external heat exchanger arrangement are
given for various heat-exchanger pipe sizes as a comparison. The total heat |oad per one
triplet is 160 W and total triplet cryogenic length is 30 m. The saturated He Il is assumed
tobeat 1.8 K. For theinternal heat exchanger arrangement, the temperature rise includes
the one caused by the pressure drop in helium vapor and the temperature difference
across the heat exchanger wall. If the heat exchanger pipes are too small, the quite large
temperature riseis caused by the pressure drop of helium vapor. For the external heat
exchanger, the temperature rise consists of three components, one due to the vapor
pressure drop, one across the heat exchanger wall and the temperature differencein the
pressurized He ll.

100 ———————— 11—
- |
X
é 80 —0O— Interna ]
% | —@— External, D=100 mm
5 60
=
o
S 40
Ie
O
o
& 20
|_
0- L L 1 L | L L L L | L L L L |

4 4.5 5 55 6
Hole Diameter in Iron Y oke (cm)

Fig. 11.1.2.6-11. Temperature rise from saturated He Il for various hole size in iron yoke
for internal and external heat exchanger.
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As can be seen from Fig. 11.1.2.6-11, the external heat exchanger designisless
sensitive to the hole diameter which isimportant for the iron yoke shape optimization. At
the same time choosing the appropriate heat exchanger diameter it could be made as
effective as four parale internal heat exchangers.

1.1.2.6.7 Summary

Sufficient critical temperature margin is necessary for the compensation of the coil
temperature change by the radiation-induced heating, AC losses, splice heating,
mechanical disturbances, temperature fluctuations, and others. According to the
calculations, for the chosen HGQ design, SSC strands and nominal field gradient200 T/m
the critical temperature margin in the inner layer is 2-2.4 K and in the outer layer - 2-4 K.

The thermal analysis shows that using 2-4 mm thick beam pipe/absorber as well as
the cooling channels within the inner coil insulation, in the collar structure, and
maintaining a 98% packing factor in the iron laminations, the HGQ superconducting coils
can be maintained below their critical temperature with sufficient margin.

The two different He Il heat exchanger design and arrangement has been analyzed.
The external heat exchanger may provide the means to simplify the cryogenic controls
and decouple the heat exchanger design from the magnet design, with little modification
to the proposed LHC cryogenic system, while maintaining an acceptable overall
temperature margin.

Experimental study and optimization of the HGQ thermal performance and He Il
heat exchanger design will be performed in the frames of HGQ short model and Cryostat
R&D stage.
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11.1.2.7 Quench Protection

11.1.2.71 I ntroduction

HGQ will operatein severe radiation environments which may cause magnet
guenches, and they have to be reliably protected during quench. The main dangers for the
SC magnet during a quench are coil overheating and mechanical overstress aswell as
high voltage between the turns inside the magnet and between the magnet coil and
ground. These factors can change the magnet operation parameters or destroy it. The
magnet design and cable parameters as well as the parameters of the quench protection
system should be chosen and optimized in such away to provide areliable magnet
protection during quench.This chapter presents the results of quench protection problem
analysis for the HGQ being developed at Fermilab for the LHC interaction regions.

1.1.2.7.2 Magnet and Heater Parameters

The HGQ design isdescribed in Section 11.1.2.2. It consists of four, two layer coils
connected in series. Two keystoned Rutherford-type superconducting cables based on the
SSC type strands are used in the quadrupole design. The main HGQ conductor and cable
parameters are presented in Table 11.1.2.2-1 and Table 11.1.2.2-2.

The magnet inductance is 3.48 mH/m and the stored energy at the nominal current of
11.1 KA corresponding to field gradient 200 T/m is 215 kJ/m. The maximum design
gradient for the SSC superconductor is about 250 T/m which is achieved at the current
~14 kA, and corresponding maximum stored energy is about 330 kJ/m.

To protect the magnet during quench, quench heaters will be used. The two-layer
design allows one to put the heaters on the coil outer layers or between the inner and
outer layers. Fig. 11.1.2.7-1 shows the field distribution on the outer surface of inner layer
and on the inner surface of outer layer where the interlayer heater is placed as well asthe
field distribution on the outer surface of outer layer where quench heaters are
traditionally installed. Since, interlayer heaters can provide better heater efficiency, they
have been chosen as a baseline. Each interlayer heater can quench one side of 10 inner
layer turns and one side of 15 outer layer turnsin two adjacent coils. The length of each
heater is equal to double the magnet length. The number of heaters in the magnet is four
(two of them are operating which quench all four quadrants and two are spare).
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Fig. 11.1.2.7-1. Field distribution in HGQ coil.

11.1.2.7.3 Coil Quench Temperature
Cail heating after a quench in adiabatic conditions is determined by the equation

t T()
[ 1(t)%dt ON* S C(T)/p(T)dT (6.1)
0 Tc

where

[(t) - current decay after a quench;

T(t) - coil temperature;

Tc - conductor critical temperature;
N - number of strands in the cable;
S - strand cross-section;

C(T) - strand specific heat;

p(T) - strand resistivity;

y - strand mass density.

The maximum temperature Tmax IS achieved when t - co. It isfunction of the quench
integral (left side of (1)) and cable parameters. The relationship between Ta and quench
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integral for the quadrupole inner and outer cablesis presented in Fig. 11.1.2.7-2. To keep
the cable temperature during guench below 400 K, asin the LHC arc dipoles [48], the
quench integral has to be less than 25[10°A%s for the inner layer cable and 17(10°A%s for
the outer layer one.
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Fig. 11.1.2.7-2. Relationship between the cable maximum temperature and
quench integral:
000 -innerlayer cable;
.......... - outer layer cable.

The maximum value of the quench integral depends on the magnet current |y, the
guench detection and heater firing circuit operation time, Tp aswell as the current decay
after heater induced quench, I(t),

[ 1(t)%dt = 1% + [ 1%(t)dt (6.2)
0 Tp

The dependence of the quench integral corresponding to the current decay after
heater induced quench vs. magnet operating current isshown in Fig. 11.1.2.7-3. The
guench integral valueisthe same for al turnsin the magnet quenched by the heaters. As
follows from the data presented in Fig. 11.1.2.7-4 and Fig. 11.1.2.7-5, for the same current
and the same quench integral, the outer layer cable is heated to a higher temperature than
the inner layer one. The heater induced quench integral at the nominal current 11.1 kA
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equalsto 8.8110°A%s. The outer layer turns, quenched by heaters, are heated to the
maximum temperature of 115 K and the inner layer turns are heated to 70 K.
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Fig. 11.1.2.7-3. Dependence of the quench integral vs. magnet current.

11.1.2.7.4 Quench Detection and Circuit Operation Time

Based on the maximum quench integral budget and the value of heater induced
component of the quench integral, one can determine the upper limit for the quench
detection and circuit operation time (delay time). This time includes:

» Timefor quench voltage to close quench detection threshold
* Timeto energize heaters following detection

» Timefor heat diffusion from heater to the coil and raise conductor temperature above
critical value

Results of the calculations of the maximum delay time for the inner and outer cables
as afunction of the magnet current are presented in Fig. 11.1.2.7-4. The upper limit for the
guench detection and circuit operation time at nominal current of 11.1 kA is115msin
the case of quench in the inner layer cable and 65 msfor the quench in the outer layer
cable. These limits correspond to the expected delay time for the LHC arc SC magnets
[49] and can be practically realized.
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Fig. 11.1.2.7-4. Dependence of the circuit operation time (delay time) vs. magnet current:
OO0 -innerlayer cable;
- outer layer cable.

1.1.2.7.5 Mechanical Stress During Quench

The guenched turns in the magnet will produce a coil thermal expansion within the
cold collars. As aresult, the stressin the coil will increase. The stress growth is
determined by the coil easticity modulus, thermal expansion coefficient, fraction of
guenched turns and their temperature. The calculated inner and outer layer mechanical
stresses vs. coil temperature for chosen heater surface are shownin Fig. 11.1.2.7-5. Itis
assumed that the thermal expansion and the elasticity modulus of the coil follow a
parabolic temperature dependence.
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Fig. 11.1.2.7-5. Mechanical stressin the layers after quench vs.
maximum coil temperature:
000 -innerlayer;
.......... - outer layer.

A mechanical stress reaches amaximum value of ~28 MPain the inner layer and
~35 MPain the outer layer at a coil temperature of 250-300 K. Since the maximum
temperature for most of the turns quenched by heatersisrelatively small, the additional
stressin the coil during a quench will be lessthan 10 MPain the outer layer and less than
3 MPain theinner one.

1.1.2.7.6 Quench Voltages

Electrical voltages are developed in the magnet during a quench. In the case when
all four coils are quenched by heaters (normal operation with two heaters), the total
voltage across all coils equals to zero. The coil-to-coil voltage inside the magnet in that
case also equals to zero. The maximum coil-to-ground voltage, U, is applied to the
point between the inner and outer layers of each coil near magnet poles. The turn-to-turn
voltage, Uy, which developed in the coil during quench is a sum of the resistive, Ug, and
inductive, U, components.

Some examples of the time dependence of the turn-to-turn and coil-to-ground
voltage after a heater induced quench, computed for the current of 13 kA, are presented
inFig. 11.1.2.7-6 and Fig. 11.1.2.7-7. The maximum turn-to-turn voltage in the inner layer
Is~10V and in the outer oneis~25 V. The maximum coil-to-ground voltage does not
exceed 200 V.
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Fig. 11.1.2.7-6. Time dependence of the turn-to-turn voltage after heater induced quench:
OO -innerlayer cable;
------- - outer layer cable.
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Fig. 11.1.2.7-7. Time dependence of the coil-to-ground voltage during quench.

When gquench isinduced by only one heater, the voltage distribution depends on the
heater position in the magnet. Significant coil-to-ground and coil-to-coil voltages are
developed in the magnet during quench in this case. The maximum coil-to-ground
voltage exceeds 1 kV and the maximum coil-to-coil voltageis 1.5-2 times higher than
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coil-to-ground voltage. Such high voltages can break the magnet electrical insulation and
destroy the magnet. To eliminate this situation during magnet operation two set of
guench heaters (operating and spare) have to be installed in each magnet.

11.1.2.7.7 Quench Pressure

The HGQ stored energy will be dumped into the coilsin very short time, less than a
second. The peak quench pressure depends on the stored energy and amount of liquid
helium within the helium vessel.

The measurement of quench pressure during tests of the LHC dipole magnets as a
function of time shows that pressure starts to rise gently between 0 and 60-80 ms and
sharply afterwards. The quench relief valve starts to open 120-130 ms after the quench
detection signal and reaches 90% opening within 210-250 ms. The longer the valve
opening time, the higher the final pressure. A typical peak pressure is 12-14 bars if the
valve opening timeis 210-250 ms for a dissipated energy of 4732 kJ per 10 m long dipole
magnet [50].

Fig. 11.1.2.7-8 summarizes the peak quench pressure as function of stored energy per
unit volume of liquid helium for the magnets cooled with He I1. The data presented have
been taken at CERN during tests of the 10 m long LHC dipole magnets and at Fermilab
during tests of a 1.37 m long quadrupole magnet in the Vertical Magnet Test Facility
(VMTF).
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Fig. 11.1.2.7-8. Peak quench pressure in the helium vesseal as a function of stored energy
per unit volume of Hell.

The experimental data show that the peak quench pressure in cryostat during quench
is proportional to the stored energy per unit volume of He 1. It should be noted that even
for the same designed dipole magnets, the peak quench pressure in the cryostat may vary
asmuch as severa barsasitisshownin Fig. 11.1.2.7-8 for dipole magnets of A1 and A3.
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The maximum stored energy in HGQ is around 330 kJ/m at maximum current of 14
KA. The calculated He Il volume within the cold mass is about 20 liters. The stored
energy per unit volume of He 1l is16.5 kJ/I. Asit followsfrom Fig. 11.1.2.7-8, the peak
guench pressure in the cryostat should be less than 12 bars. The peak quench pressurein
the cryostat at nominal current of 11.1 kA will be less than 6-7 bars. For the external He
Il heat exchanger arrangement, an additional amount of He 11 will be added to the system
and peak quench pressure will be reduced even further.

11.1.2.7.8 Summary

Quench protection of a HGQcan be reliably provided with two quench heaters placed
between the coil inner and outer layer. Maximum values of the electrical voltages, layers
temperature and stress during quench will be within safe limits close to those for the arc
LHC dipoles [49]. Operation with only one heater is not recommended because of
significant voltage drop between the coils inside the magnet and between the coil and
ground.

The peak quench pressure in the cryostat at nominal current will be less than 6-7 bars
which iswithin safe limit. For the external He 11 heat exchanger arrangement, additional
amount of He Il will be added to the system and quench pressure will be reduced even
further.

11.1.2.7.8.1 References

[48] G. Gerin, B. Vullierme, & R. van Weelderen, “Measurement of the Thermo-Hydraulic Behavior
of LHC Dipole Prototypes after Quencttiv. Cryo. Eng., 41A, (1996), p. 811.

[49] The LHC Study Group, “The Large Hadron Collider, Conceptual Des@ERN/AC/95-05.

[50] G. Gerin, B. Vullierme, & R. van Weelderen, “Measurement of the Thermo-Hydraulic Behavior
of LHC Dipole Prototypes after Quencttv. Cryo. Eng., 41A, (1996), p. 811.

[1.1.2.8 Conclusions

The presented analysis of the High Gradient Quadrupole design for the LHC
interaction regions shows that it allows one to achieve all required parameters including
the nominal field gradient and field quality, critical current and critical temperature
margin, mechanical stability and quench protection. The HGQ design evolution and some
additional details of the design analysis are described in the Bibliography to this Section.
The experimental study and optimization of the HGQ cold mass design will be donein
the frame of Short Model R&D program. Short model magnets will be tested in the newly
commissioned Vertical Magnet Test Facility at Fermilab.

The major tasks to be studied in the frame of HGQ Short Model R& D program are
the following:

1. Study of HGQ operation performance and margin
- Short sample limit and training
- Thermal performance
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- Quench protection
2. Study of HGQ field quality
- Field harmonicsin straight section
- Endfield quality
- Field quality reproducibility and tuning
3. HGQ design optimization
- Cableand structural materials
- External/internal splice and magnet end design
- Quench heaters, bus-bars, lead end stabilization
- Magnetic shims

The current HGQ short model R& D program consists of six quadrupole models with
the nominal cross section and the physical length of about 2 m (1.75 m magnetic length).
HGQ short model features are summarized in Table [1.1.2.8-1. Different changes
introduced in the magnet design with respect to its predecessor are indicated in the table
by different font. The actual configuration and, perhaps, the total number of short models
will be determined by the performance of practice coils, mechanical model studies and
first short model test results.

In parallel with the HGQ short model R& D program the Cryostat R& D Program will
be also carried out. List of major tasks for this program includes:

1. Development and fabrication afull scale model of the external heat exchanger
and test it at CERN.

2. Fabrication and mechanical test asmall number (2 or 3) of support posts.
3. Fabrication and test a small number of the slide mechanisms.

4. Fabrication afull scale support system and test the viability of aligning magnets
after assembly.

Following the successful completion of the Short model and Cryostat R& D
Programs one full-scale prototype of the Q1 will be built. The HGQ full-scale prototype
development and test is an important step before the IR quadrupole production. To build
and test the HGQ full-scale prototype the cryostat full-scale prototype and new Magnet
Test Facility will be developed and fabricated.

Based on the results of the short model R&D program preliminary magnet
specifications, which include the description of magnet major parameters and the magnet
test procedure, will be prepared and coordinated with CERN. Final magnet specifications
which establish the final magnet parameters, magnet certification, description of magnet
storage and shipping procedure will be prepared based on the HGQ prototype test results
and coordinated with CERN before the magnet production start.
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Magnet production and tests are planned in FY 2001-FY 2004. Delivery schedule will
be coordinated with the LHC interaction region installation and commissioning schedule.

IR Quadrupole project scheduleis summarized in Table [1.1.2.8-2.
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Table11.1.2.8-1. HGQ Short Model Features.

Magnet Srand/ Magnetic Mechanical Cable Quench
# Cable design design insulation protection
HGQO1 | 1. SSC 1. Basic 1. G-10end 1.Kapton 1. Interlayer
strands. Cr 0Ss- parts. insulation guench
2. Original | SEction. 2. External (100pm). heaters.
cable 2. Original | splices’Al end | 2. Inner cable: 4.5
design ends. can. mm wide outer
/X-section. 3. 50 mm end wrap with 2 mm
plates. gap.
3. Outer cable:
butt wrap.
4. Epoxy
adhesive.
HGQO2 | 1. SSC 1. Basic 1. ULTEM end 1. Kapton 1. Interlayer
strands. Cross- parts. insulation & outer layer
2. Original section. 2. External (100pum). ﬂ::tmh
cable 2. Modified splices/ Al end 2. Inner cable: 9.5 €rs.
design ends. can. mm wide outer 2. Spot
/X-section. 3.50mmend | wrapwith2mm | heaters.
plates. gap.
3. Butt wrapped
outer layer cable.
4.Polyimide
adhesive.
HGQO3 | 1. SSC 1. Basic 1. ULTEM end 1. Variation of 1. Optimized
strands. cross- parts. cableinsulation | quench
. section. 2. Internal thickness heaters (with
2. Original _
cable 2. Modified | Splice/ round | (Kapton 100- COPPEr).
design ends. SScollar. 125¢m). 2. Interlayer
/X-section. 3. 50 mm end 2. Inner cable: 9.5 | & outer layer
plates. mm wide outer quench
wrap with 2 mm heaters.
9ap. 3. Spot
3. Butt wrapped heaters.
outer layer cable.
4.Polyimide
adhesive.
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HGQO4 | 1. SSC 1. Basic X- 1. ULTEM end | 1. Kapton 1. Optimized
strands. section. parts. insulation (100- quench
2. Origina | 2 Modified | 5 ptermg) 125um). hesters (with
cable ends. splice/ round SS | 2. Inner cable: 9.5 copper).
design collar. mm wide outer 2. Optimized
/X-section. 3. 50 mm or wrap with 2 mm heqtgr

thinner end gap. position.

plates. 3. Butt wrapped 3. Bus-bars.
outer layer cable. 4. Spliceflead
4.Polyimide Cu stabilizer.
adhesive.

HGQO5 | LFinal cable | 1. Final 1. Final 1. Final cable 1.Final quench
design. Cross- (internal or insulation design | heater design.

section & | external) splice | and thickness. 2. Bus-bars.

end design. | design. 3. Splicellead
2. Final end Cu stabilizer.
plate thickness.

HGQO6 | 1.Final 1. Fina 1. Final splice | 1. Final cable 1. Fina
cable Cross- design. insulation design | quench heater
design. sec(:jti gn & 2 Final end and thickness. design.

end design. plate thickness. 2. Bus-bars.
3. Splice/lead
Cu stabilizer.
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Table11.1.2.8-2. IR Quadrupole Project Schedule

1.1 Interaction Regions Srait FY1998 FY1999 FY2000 Fyioa FY22|
111 IR FNAL (Zlobin |Q |Q2(Q3|Q4|Q [Q2|Q3|Q4|Q (Q2|Q3|Qx4|Q |Q |Q Q Q|

Quadrupoles 1 1 1 112 |3 12 |
1.1.1.1 |Tooling Carson
1.1.1.1 R&D (2 mmodel) tooling
1
1111 Prototype tooling .
? —
1111 Cold mass production ]
3 tooling
1111 Cryostat production
4 tooling
1111 Infrastructur
5 e
1112 (Cold Nobrega

Mass
1.1.1.2 R&D
1
1.1.1.2. 2 mmodels
2
11.12. Prototype .
3
|
1.1.1.2. Q1, Q3
4
1.1.1.2. Q2a, Q2b
5
1.1.1.3 |Cryostat Nicol
1.1.1.3. R&D
1
1.113. Prototype
2
1.1.1.3. Q1
3
1.1.1.3. Q3
4
1.1.1.3. Q2a, Q2b
5
1114 |Test Tompkin
s
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1.1.1.4. Infrastructu
1 re

1.1.1.4. Test R&D
2 models
1.1.1.4. Test

3 Prototype
1.1.1.4. Test FNAL
4 quads
1.1.1.4. Test KEK
5 quads
1.1.1.6 [Shipping Nicol
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11.L1.3 (Reserved)

1I.1.4 Cryogenic Feed Boxes

The LHC has four intersection or beam collision points (IR 1, 2, 5, and 8) as shown
inFig. 11.1.4.2-1. Each of these points has two assemblies (Ieft side and right side) of
high gradient quadrupole magnets (Q1, Q2, and Q3) and separation dipole (D1), as
shown in Fig. 11.1.4.2-3. Each assembly has a cryogenic feed box that provides the
cryogenic, power, vacuum, and instrumentation connections between the LHC and the
magnets.

The inner triplet magnets, Q1-Q3, will be operated in pressurized superfluid helium
at 1.8 K, inamanner similar to that used by CERN elsewherein the LHC. Thisresultsin
asystem that is compatible in principle and practice with the cryogenics system of the
LHC. The superconducting D1 dipoles at Interaction Regions 2 and 8 will be cooled with
pool boiling in abath of saturated liquid helium at 4.5 K to avoid the complications of
unnecessary superfluid helium systems. At points 1 and 5 the D1 dipoles are conventional
room temperature magnets.

Fig. 11.1.4.2-3 shows insertion layouts for the hardware requiring the US-supplied
feed boxes, taken from CERN drawing LHCLSXG_0002. Dimensions are in meters. The
feed boxes are the elements |abeled DFB. There are two types of feed boxes, those with a
resistive D1 (at IR1 and IR5) and those with a superconducting D1 (at IR2 and IR8).

Each IR has separate feed boxes for the left and right side magnets. The shaded areas
indicate that the inner triplets are operated at 1.9 K and the superconducting D1 is
operated at 4.5 K. The slope is also shown for each of the regions; positive slope means
that the right side is higher than the left side. Slope is an important factor in the superfluid
helium flow circuit since the 1.9 K feed to the magnet string must be on the high end so it
can flow down the string of magnets and provide isothermal refrigeration by boiling.

Fig. 11.1.4.2-5 isa CERN sketch showing the feed box as an integral part of the
beamline. Figure (a) isfor the case of the non-superconducting D1 where the feed box
has awarm to cold beam tube transition on the D1 end. Figure (b) isfor the case of a
superconducting D1 where the feed box forms a bridge for the cold beam tube and the
cryostat vacuum.

11.1.4.1 Requirements

11.1.4.1.1 Current Leads

The LHC inner triplets will be provided by both the US (produced at FNAL) and
Japan (KEK). We assume that the KEK -produced magnets will be used in IR1 and IR2,
and the US-produced triplets will be used in IR5 and IR8. The KEK triplets have an
operating current of somewhat less than 8 kA, whereas the FNAL triplets have an
operating current around 11 KA.
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For IR 2 and IR 8, the interaction points with superconducting D1 magnets, we
require the following current leads for each lead box.

Table11.1.4.1-1: The current rating and number of current leads for the superconducting

D1 case.
Current Rating number of pairs

IR2 (KEK)

Main Quadrupole 8 kA 1
Quadrupole trimming | 1 kA 1
Dipole D1 6 kA 1
Dipole correctors 1kA 4
Multipole correctors | 50 A 4
IR8 (FNAL)

Main Quadrupole 13 kA 1
Quadrupole trimming | 1 kA 1
DipoleD1 6 kA 1
Corrector Magnets 1kA 4
Corrector Magnets 50A 4
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For IR 1 and IR 5, the interaction points with resistive D1 magnets, we require the
following current leads for each lead box.

Table11.1.4.1-2: The current rating and number of current leads for the resistive D1 case.

Magnet Current Rating number of pairs
IR1 (KEK)

Main Quadrupole 8 kA 1
Quadrupole trimming | 1 kA 1
Corrector Magnets 1kA 4
Corrector Magnets 50A 4
IR5 (FNAL)

Main Quadrupole 13 kA 1
Quadrupole trimming | 1 kA 1
Corrector Magnets 1kA 4
Corrector Magnets 50A 4

The current leads will be specified per the applicable CERN specification, such as
the follow-on production specification based on 1T-2441/LHC/LHC, “Technical
Specification for the Fabrication and Supply of Prototype 13 kA Current Leads using
High Temperature Superconductor.”

1.1.4.1.2 Preliminary Cryogenic Requirements

The following table lists the heat loads that need to be accommodated in the US-
supplied interaction region equipment. We have used the ultimate heat loads in this table
in order to ensure that the cryogenic valves and heat exchangers have sufficient capacity.
This list is preliminary and will be updated as the design and requirements converge to
the final value.
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Table 11.1.4.1-3: Heat |0ad budget.

Heat Load Source Temperature Level Mass Flow
50-75 K 45-20K 19K
w w W o/sec
Half IR1, Half IR5
Total Heat Load in Standby 250 20 20 16
Operational Heat Loads (Ultimate)
Thermal Radiation 250 0 0
Secondary Particle Heating, etc 0 0 350
Joint Heating 0 0 10
Beam Tube Absorber TBD TBD TBD
HTS Current Leads (1 pr 13 kA) 3 2
Vapor-Cooled Leads (5pr 1 kA, 4pr50A) | 0 0 0 0.6
Lead Chamber 0 20 0
Total Ultimate Operational Load in half IR | 250 23 360 2.6
Half IR2, Half IR8
Total Heat Load in Standby 325 30 20 2
Operational Heat Loads (Ultimate)
Thermal Radiation 325 0 0
Secondary Particle Heating, etc. 0 0 100
Joint Heating 5 10
HTS Current Leads (1 pr 13 kA, 1 pr 6kA)) 5
Vapor-Cooled Leads (5 pr 1 kA, 4 pr 50 A) 0.6
Lead Chamber 20
Total Ultimate Operational Load in half IR | 325 30 130 36

1.1.4.1.3

Diagnostic L ead Cable Requirements

The following cable counts are required to allow the magnet diagnostic and control
elements to be connected to the CERN control system. The numbers are for atypical feed
box that services half of the inner triplets for each interaction region.
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Table 11.1.4.1-4: Cable inventory for the cryofeed box.

Sensor type size (AWG) Voltage(kV) number

Beam Diagnostics

BPM coax(TBD) 28(TBD) TBD 12

Quadrupole Diagnostics

Quadrupole Voltage (Quench) twisted pair, 28 5 16
kapton

Quadrupole Quench Heaters twisted pair, 22 5 32
kapton

Temperature Sensors 4-wire 28 10

Level Sensors 4-wire 28 6

Pressure Sensors 4-wire 28 6

Corrector Magnet Taps T.P., kapton 28 5 16

Dipole Diagnostics

Dipole Voltage (Quench) T.P., kapton 28 5 4

Dipole Quench Heaters T.P., kapton 22 5 4

Temperature Sensors 4-wire 28 2

Level Sensors 0

Cryogenics Diagnostics

Lead and Bus Voltage Taps T.P., kapton 28 5 16

Pressure Sensors 8

Temperature Sensors 4-wire 28 4

Level Sensors 4-wire 28 2

Bath Heaters T.P., kapton 22 5 4
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11.1.4.14 Configuration Requirements

CERN drawing LHCLSXG_00020A (seeFig. 11.1.4.2-3) establishes the linear
position of theinner triplet elements, according to LHC Opticsversion 5. The US-
supplied Feed Boxes described in this section are denoted as DFB (Distributed Feed Box)
and QTSM (Cryogenic Technical Service Module) on this drawing and are located
between D1 and the Corrector magnets MCBX and MCDD outboard of Q3.

The following critical dimensions for the Feed Boxes have been supplied by CERN
[51]:

Height of Single Beam from Floor Level 1100 mm
Horizontal Distance of Beam from the Tunnel Axis 700 mm
Height of Cryoline 850 mm
Diameter of Cryoline 650 mm
Horizontal Distance between Beam and Cryoline 930 mm .

The Feed Boxes in each Interaction Region will be located in slightly different
surroundings as described below.

IR1 - both right and left feed boxes will be located mostly in the large galleries UJ14
on the left and UJ16 on the right. The feed boxes may extend into the 9 m diameter
tunnels that lead out from these galleries.

IR2 - both right and left feed boxes will be positioned in the region where the 4.4 m
diameter tunnel section connects to the galleries designated as UJ24 on the left side and
UJ26 on the right side, so the D1-end of each box will protrude into the 4.4 m diameter
tunnel, while the other end will be in the UJ gallery where the ceiling is more than 6 m
above the floor.

IRS - the left feed box will be located mainly in anew gallery RZ54, with some
extension into the 3.8 m diameter tunnel to the left. The right feed box will be located in
UJ56, an existing gallery having a diameter of 13.5 m.

IR8 - the inner triplets are positioned asymmetrically with respect to the IR, so the
Feed Box for theright sideislocated in gallery UJ86 where the ceiling is more than 5 m
abovethe floor. The feed box for the left sideislocated entirely in the 4.4 m diameter
tunnel to the left of UJ84. This presents the tightest space constraint for the feed boxes.

Since the feed box diameter is no larger than the magnets, the feed box creates no
impediment for machine access.
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It was not possible to find an economical feed box solution which did not encroach
on the “space reserved for future LEP,” as defined on CERN drawing LHCLJ0O000014.
Several individuals at CERN advised that this zone is intended to apply in the tunnel, and
not in the interaction regions, where new hardware would need to be installed for the
future LEP anyway [51, 52]. Thus, the encroachment on this region was judged to be
allowable.

1.1.4.1.5 Pressure Requirements

The pressurized superfluid helium piping on the high-pressure side of the pressure
safety valves will have a design operating pressure of 20 atm. The normal liquid helium
piping and components will have a design operating pressure of 5 atm.

11.1.4.2 Technical Description

Fig. 11.1.4.2-1 shows the positions of the eight US inner triplets and their associated
feed boxes with respect to the 8 LHC helium refrigerators. Because of the arrangement of
the refrigerators, the feed boxes supplying cryogenic fluids to the triplets on both sides of
IR8 and the right side of IR2 are at the beginning of the cryogenic sector, whereas the
remaining feed boxes are at the end of the cryogenic sector. This will cause some subtle
differences between the two cases of the plumbing connections for the 50 K shields, but
this will not present a major problem.

11.1.4.2.1 Schematic Diagram

The schematic for the cryogenic and electrical services for the inner triplet magnets
for IR2 right is shown on Fig. 11.1.4.2-7. This schematic represents the features of all
feed boxes, and the differences of the others can be explained and visualized rather
easily. For IR2 and IR8, the lead boxes provide services to both the inner triplets (Q1,Q2,
and Q3) and the superconducting dipole (D1) as shown in Fig. 11.1.4.2-7. The triplets are
operated in 1-atm superfluid helium, whereas the D1 is operated in a bath of liquid
helium at saturated conditions. The D1 bath is connected to the lead pot helium bath,
rather than being in a separate volume, for reasons of minimizing parts count and
simplifying the control elements. For explanation purposes, we divide the schematic into
its major components: Quadrupole Magnets, Dipole Magnet, Cryogenic Distribution
Line, Valve Box, Feed Box, and Room Temperature Recovery.

11.1.4.2.1.1 Quadrupole Magnets

For IR5 and IR8, the quadrupoles will be wound and inserted into their cryostats by
FNAL. These are 2-layer quadrupoles, and will require 13 kA current leads. For IR1 and
IR2, the quadrupoles will be wound for CERN by KEK, and cryostatted by FNAL.

These are 4-layer quadrupoles, and will require 8 kA current leads. The schematic shows
the windings connected in series, with provision for differential excitation by means of

the additional 1 kA current leads. The current bus leads and the quadrupole
instrumentation wires are routed along the 1-atm superfluid helium duct(s), and then
through the lambda plate into the normal liquid helium bath, and then finally out to the
tunnel.
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11.1.4.21.2 Dipole Magnet

The beam separation-recombination dipole D1 is superconducting for IR2 and IRS;
a IR1 and IR5, it isanormal, resistive magnet. These dipoles will be provided by CERN,
and the superconducting ones which mate to our feedbox require 6 kA current leads. D1
is operated in normal liquid helium, and is therefore connected directly to the liquid
helium chamber in the feed box. The current bus leads and dipole instrumentation wires
are routed in the duct(s) which connect D1 to the liquid helium chamber. Because of the
tunnel slope, it is necessary to vent the upslope end of D1 into gas space over the liquid
helium bath to prevent accumulation of vapor and magnet “dry out.”
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Fig. 11.1.4.2-1: Location of LHC interaction points and cryoplants.
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Fig. 11.1.4.2-3: Insertion layout for optics version 5.
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11.1.4.2.1.3 Cryogenic Distribution Line

Thisisa 650 mm diameter pipe located at the outside of the tunnel which contains
al the cryogenic lines from the CERN helium refrigerators. The lines contained therein
and their nominal conditions are:

Header B: 4K, 16 mbar (cold compressor inlet)
Header C: 46K, 3bar (supply)

Header D: 20K, 1.3 bar (cold compressor outlet)
Header E: 50K, 20 bar (shield supply)

Header F: 75K, 19 bar (shield return)

11.1.4.2.1.4 Valve and Heat Exchanger Box

This box contains the collection of valves and heat exchanger which properly
distribute and control the flow of cryogenic fluids to and from the magnets. The valve
box schematic agrees with arecent CERN paper [53]. A listing of the components

includes:

PSV1-4: CERN-type pressure safety valve to safely vent the magnet in case of

HX:

guench. Its diameter is approximately 40 mm. In addition to automatic
operation as a safety device, the valve can be opened manually with an
electrical signal to assist in cool down and other operations.

Heat exchanger used for precooling the 4.6 K, 3 bar helium stream to about
2.2K attheinlet to V3.

V1& V8. Usedfor initial cooldown and liquid fill, its diameter is approximately 19

V2:

V3:

V4:

V5:

V6:

V7:

mm, with adual trim to allow for flow control during cool down and Joule-
Thompson throttling during liquid filling.

Used primarily for magnet heat exchanger cooldown, but could be used in
other operational modes as well. Its diameter is approximately 19 mm.

J-T expansion valve to provide liquid for 1.9 K isothermal magnet
refrigeration. It needs to supply up to 18 g/s, and has a diameter of
approximately 19 mm.

Isolation valve for the HX low-pressure side. Its diameter is about 100 mm.

Inlet flow control valve for thermal shield cooling. It is controlled by the
temperature of shield return gas, and has an approximate diameter of 80 mm.

Isolation valve for the thermal shield return gas. Its approximate diameter is
80 mm.

Isolation valve for the HTS current lead upper end cooling stream. Its
approximate diameter is 25 mm.

116



VO: JT valveto maintain the liquid level in the lead chamber at the desired level.
V9 is controlled by the liquid helium level sensing device in the lead chamber.
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Its diameter is approximately 25 mm.

V10: Pressure operated check valve which returns any excess cold helium boil of f
gasto the 20 K header. It prevents the lead chamber from being overpressured
by the 20 K header in case of magnet quench.

V11: A vavewhich alows the quadrupole string to be evacuated prior to

cooldown.

The schematic Fig. 11.1.4.2-3 contains a J-T heat exchanger, which is consistent with
the current LHC cryogenic system design [53]. The mass flow rate through this heat
exchanger is about 17 g/sec, which is considerably larger than required for the distributed
heat exchangers in the main ring.

The table below summarizes the valve box component use for the four interaction

points.

Table11.1.4.2-1: Vave box components for the four interaction regions.

Valve Box Component IR1 and IR5 IR2 and IR8
V1 yes yes
PSV1 yes yes
V2 yes yes
HX yes, 18 g/sec flow rate yes, 7/g/sec
V4 yes yes
PSVv2 yes yes
V5 yes yes
V6 yes yes
V7 yes yes
V8 no yes
PSV3 no yes
PSV4 no yes
V9 yes yes
V10 yes yes
V1l yes yes
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11114215 Feed Box

In addition to providing the cryogenic interconnection between the CERN
cryogenics system and the superconducting magnets, the feed box provides the interface
to the magnet power supplies through the current leads and aso provides for a section of
beam tube that spans the gap between Q3 and D1. High-temperature superconducting
leads are used for | > 1 kA, while conventional gas-cooled leads are used for | <1 kA.

The current leads are cooled by helium vapor; in the case of the conventional style
leads (1kA and less) the helium vapor is provided by boiloff gas from the liquid helium
volume in the lead chamber, whereas for the remainder of the leads, the lower end (with
high temperature superconductor) is cooled in the 4.2 K liquid, and the upper end is
cooled with 20 K gas from Header D.

The helium chamber is equipped with aliquid helium level sensor and 2200 W
electrical heater for level control if needed. An insulating plate, called the lambda plate,
separates the 1.9 K, 1 atm superfluid bath from the 4.6 K liquid helium in the lead
chamber. The quadrupole current bus bars and the instrumentation |eads penetrate the
lambda plate.

11.1.4.2.1.6 Room Temperature Recovery

A series of flow control valves are connected to the CERN room temperature
recovery line to recover helium gas that is generated by heat input from the current leads
and other sourcesin the feed box. The warm end of each current lead is equipped with a
flow control valve to maintain a proper operating lead temperature by modulating the
mass flow rate. The control is based on either the output of atemperature sensor or the
voltage drop across the lead. The vent gas flow from the lead chamber is controlled by a
valve operated by a pressure sensor. In case of excess pressure buildup, arelief valve
opens and vents the gas to the CERN recovery line.

11.1.4.2.2 Feed Box Conceptual Design

A plan view of the feed box for IR8 left is shown on Fig. 11.1.4.2-9; the cross-
hatched areas represent the walls of the 4.4 m diameter tunnel section in which this feed
box islocated. We have chosen to concentrate just on the design of this box, asit will be
placed in the most constricted environment. The vacuum vessel sleeves are shown slid
back over the magnets, and indicate the position of the beam line, but do not show any of
the cryogenic plumbing. The outer diameter of the feed box vacuum vessdl isthe same as
the inner triplet and the D1 cryostats so the access is not impeded. The feed box is2.2 m
long and is positioned slightly closer to D1 than to Q3, since the Q3 interconnect contains
more components which in turn will probably require more axial space. Q3 and D1
interconnect lengths of 600 and 400 mm, respectively, are shown.
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The current leads are clustered into groups, and each group islocated inside a pipe
which leads through the insulating vacuum to the liquid helium chamber below. The
leads are spread apart on the beam axis, which provides room for a future LEP beam line.

The cryogenic piping is contained in asingle, 610 mm diameter pipe (cryoduct)
which exits the feed box vacuum vessel at about the 45 deg position and connects with
the CERN valve box after making a 90 degree turn towards D1. The CERN valve box is
assumed to be arectangular vertical protrusion from the Cryogenics Distribution Line
which contains the long-stemmed cryogenic valves and the J-T heat exchanger.

Fig. 11.1.4.2-11 isa cross section of the feed box for IR8 left, |ooking towards the
Interaction Point from the D1 interconnect region. For clarity we do not show all of the
cryogenic piping. The feed box fitsinside the 4.4 m diameter tunnel with reasonable
clearance, and the configuration requirements specified by CERN are satisfied, as stated
in paragraph 1.1.3.1 above. The cryoduct exits the feedbox at about a 45 degree angle and
extends upwards to the valve box output. The final orientation and configuration of the
cryoduct will need to be approved by CERN, since CERN isresponsible for providing
the valve box. With the assumption of avertical valve box, it appears that there could be
interference with the tunnel, so the final design approved by CERN may be dlightly
different from what is shown here.

A few preliminary cryogenic interfaces to the Q3 magnet are shownin Fig.
11.1.4.2-11. These interfaces include:

» thermal shield cooling pipes, located on the vacuum vessel midplane,
* magnet heat exchanger piping, located above the cold mass,

* magnet main and trim current bus bar duct located at 12 o’clock on the end dome,

» corrector magnet bus duct located at 9 o’clock on the end dome,

* quadrupole instrumentation bus duct located at 3 o’clock on the end dome, and

* beam tube centered on the cold mass.

Fig. 11.1.4.2-13 is an elevation view of the feed box for IR8 left which illustrates a

few more features of the conceptual design, but certain pipes and other important details
such as bellows expansion joints are omitted for clarity. The design features illustrated

include:
» all cryogenic plumbing connections to CERN are on the outside of the tunnel,
» the superfluid bus ducts connect to the bottom of the liquid helium reservoir,
» each superfluid duct has a vertical lambda plate,
» splice joints are sealed with a welded sleeve,

» thermal shield bridges in the interconnect regions provide continuous thermal
shielding,

» the beam tube sliding joint is located at the D1 end,
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» the D1 magnet leads exit the cold mass end dome at 12 o’clock, and
» the high end of D1 vents into the gas space above the liquid helium bath.

Bellows-type expansion sections will be used to allow for thermal contraction upon
cooldown. The fixed point for the feed box piping will be at the cryoduct, since the
piping will be supported there to the room temperature vacuum vessel. If Q3 is fixed at
its midpoint, the total thermal contraction capability required of the Q3 interconnect is a
minimum of 17 mm. If D1 is fixed at its midpoint, the total thermal contraction capability
required of the D1 interconnect is a minimum of 21 mm. Since the beam tube spans the
gap between Q3 and D1, the sliding beam tube joint must be able to accommodate 38
mm of motion.

The liquid helium chamber is a 304L stainless steel vessel with ASME-type
torispherical heads. Penetrations in the bottom head are used to route the magnet and
instrumentation busses into the chamber where they are either connected to current leads
or instrumentation plugs in order to reach the ambient world. Penetrations in the top head
are connected to chimneys which suspend the liquid helium chamber from a top plate at
room temperature and also act as housings for the current leads. (The chimneys may be of
a folded design to minimize heat leak.) Other penetrations in the top head serve as inlet
ports for the various helium pipes.

The thermal shield is made from copper sheet, onto which stainless steel cooling
tubes are brazed. Except for the materials and fabrication technique, this shield is
equivalent to the magnet thermal shields, and is plumbed in series with them. The thermal
shield in the cryoduct and surrounding the helium chamber will be conduction cooled by
the main, actively-cooled section. In the interconnect regions, copper bridges will be used
to provide a continuous thermal shield across the interconnect region. The feed box side
of the bridge will be fastened to the thermal shield to provide conduction cooling and the
magnet end will be allowed to slide in order to accommodate the thermal contraction.

The cryogenic pipes will be wrapped with about 20 layers of aluminized mylar
(superinsulation) to minimize thermal radiation heat input to the low temperature
components. The outer surface of the thermal shield will be covered with a conventional
multilayer insulation blanket which consists of 20 layers of superinsulation, with Reemay
separation sheets to provide thermal insulation as well as a pump-out path.

The feed box and cryoduct insulating vacuum space will be common to the magnet
insulating space, with a CERN-supplied vacuum barrier on the valve box separating the
feed box vacuum from the CERN vacuum. The vacuum barrier represents the physical
boundary between the US-supplied equipment and the CERN cryogenic system. Vacuum
sleeves will bridge the gap between magnet and feed box vacuum vessel. One of the final
actions for installation will be to slide the vacuum sleeves into place and make the seal
welds. A few convolutions in the sleeve may be needed to accommodate thermal
expansion and contraction caused by changes in the ambient tunnel temperature.
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11.1.4.3 Interfaces

1.1.43.1

11.1.4.3.1.1 Cryogenic piping

Interfacesto CERN equipment

The interface to the CERN cryogenic system is at the CERN cryoline located
generaly next to the beam line. The CERN cryoline contains the cryogenic valving and
J-T valve heat exchanger, all supplied by CERN according to specifications mutually
agreed upon by the US and CERN. We expect that certain components, such asthe J-T
valve heat exchanger, will be of larger capacity than the corresponding component in the
LHC arc region. The CERN cryoline will aso contain the vacuum barrier which isolates
the cryoline insulating vacuum from that of the US-supplied magnet system.
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Table 11.1.4.3-1: Pipe sizes in the cryoduct between the CERN cryoline valve box and the
US lead and feed box.

Pipe ID number Usage Diameter (mm)
1 Quadrupole Cooldown & Fill 40
2 Quadrupole Quench Vent #1 40
3 Quadrupole He Il HX Supply 25
4 Hell HX Pump Line 100
5 Quadrupole Quench Vent #2 40
6 Thermal Shield Supply 80
7 4 K Intercept Supply 25
8 4K Intercept Return 25
9 Thermal Shield Return 80
10 Upper End Lead Cooling 25
11 D1 Cooldown & Quench Vent #1 40
12 D1 Quench Vent #2 40
13 Lead Pot LHe Fill 25
14 Lead Pot Cold Vent 25

11.1.4.3.1.2 Power supplies

The interface to the CERN electrical power supplies for the main and corrector
magnetsis at the US-supplied current leads. The current leads will have connection areas
to allow easy connection of the CERN water-cooled copper cablesto the US equipment.

11.1.4.3.1.3 Roomtemperature helium recovery

The interface to the CERN room temperature gaseous helium recovery system will
be at the component from which the room temperature helium gasis evolved, for instance
the vapor-cooled leads and the liquid helium chamber. The US equipment will be shipped
with capped or blanked off ports which will be removed at CERN where the CERN-
supplied valves will be installed.

[1.1.4.3.1.4 Diagnostic and control

The interface to the CERN diagnostic and control system will be at the US-supplied
equipment. The US equipment will be fitted with electrical connectors purchased to
CERN specifications and connected to the appropriate sensor element in the US-supplied
hardware.
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11.1.4.3.1.5 Beamline

For IR1 and IR5, the interface to the CERN beamlineis at a high-vacuum isolation
valve located at the end of the vacuum chamber of the lead and feed boxes. The valves
and associated flanges will be supplied by CERN to ensure consistency with the rest of
the machine. For Interaction Regions 2 and 8, the interface to the CERN beamlineis at
the beamtube flange of D1 within the D1 interconnect. Again, the flange and bellows will
be supplied by CERN.

11.1.4.3.1.6 Tunnel physical

The interface to the CERN tunnel is at the US-supplied equipment, wherein the
vacuum chamber will have supports with suitable adjustability to allow for installation.
Since this equipment contains no elements that would affect the proton beam, thereis no
requirement for alignment fiducials.

11.1.4.3.1.7 Transporters

Theinterface to CERN transporter equipment will be at lifting points or cradle points
on the US-supplied equipment, the details of which will be worked out in collaboration
with CERN.

11.1.4.3.2 Interfacesto quadrupoles

The interfaces to the cryogenic lines occur at the D1 end of the cryostatted Q3
magnet. These linesinclude:

e 1.8K, 16 mbar supply to the magnet heat exchanger,

* 1.8K, 16 mbar return to the J-T heat exchanger,

» 45K, 3 bar supply to magnet support heat intercepts,

e 20K, 1 bar return from magnet support heat intercepts,

* 50K, 20 bar supply to magnet shields and support heat intercepts,

* 50K, 20 bar return from magnet shields and support heat intercepts,
*  Quench vent line from Q1.

It is expected that these are simple pipes, so connection is made at CERN by means
of an orbital tube welder without any special flanges or fittings. Pipe sizes are chosen to
match those elsewhere in the LHC to allow use of the same orbital welding and cutoff
tools.

The interface to the pressurized superfluid helium occurs at the D1 end of the Q3
magnet. This also provides the interface to the magnet power connections, the corrector
magnet power connections, and the magnet diagnostic connections. Specia sleeves and
weld flanges allow the leads from the lead box to be connected to the magnet leads, to the
trim bus leads, and to the corrector magnet leads. The splice (solder) blocks used in the
inner triplet string can be used to make these connections. Also, the diagnostic leads from
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the magnet string will be connected to the box by means of electrical connectors and the
surrounding superfluid-tight enclosure will be made by special sleeves and flanges which
are sealed by an orbital welding machine. The connections and welds will be made by
CERN upon installation.

The insulating vacuum space of the cryostatted magnet string is connected to the
vacuum space of the lead and feed box by means of aweld sleeve similar to what is done
in the interconnection regions of the inner triplet.

11.1.4.3.3 Interfacesto dipoles (IR2 and IR8)

The interfaces to the cryogenic lines occur at the Q3-end of the cryostatted D1
magnet. These linesinclude:

e Cooldown and Quench Vent #1,

» High End Gas Return and Quench Vent #2,

* 50K, 20 bar supply to magnet shields and support heat intercepts,

* 50K, 20 bar return from magnet shields and support heat intercepts.

It is expected that these are simple pipes, so connection is made at CERN by means
of an orbital tube welder without any specia flanges or fittings.

A specia sleeve and weld flanges allows the |eads from the lead box to be connected
to the magnet leads. The diagnostic |eads from the magnet will be connected to the feed
box by means of electrical connectors and the surrounding liquid-tight enclosure will be
made by special sleeves and flanges which are sealed by an orbital welding machine.
The connections and welds will be made by CERN at the time of installation. Pipe sizes
are chosen to match those elsewhere in the LHC to allow use of the same orbital welding
and cutoff tools.

The insulating vacuum space of the cryostatted magnet is connected to the vacuum
space of the lead and feed box by means of aweld sleeve similar to what is done in the
Interconnection regions of the inner triplet.

11.1.4.4 Applicable codes and standards

The pressure containing components will be designed in accordance with the US-
ASME Boiler and Pressure Vessel Code for Unfired Pressure Vessels, section VI,
Division 1, and Division 2, and the applicable section of the Refrigeration Piping Code,
B13.3 and B13.7. The materials and processes will be specified per the ASME Code, and
the equipment will be tested per the ASME code.

The vessels will not be code stamped. Because of the nature of the final assembly
work, we assume that assembly will be done at a facility such as Lawrence Berkeley
National Laboratory, which is not certified by the National Board to apply the ASME
code stamp. However, the work will be carried out in accordance with procedures
accepted by the National Board and ASME.
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The CERN Technical Inspection and Safety Commission (T1S) document TIS/DI196-
39, “List and Summaries of TIS Safety Documents,” is an up-to-date reference of all
safety-related codes, instructions, bulletins, etc. that have been examined for pertinent
information relating to the design, material selection, and testing of the feed boxes.
Examples of pertinent documents include:

» Safety Instruction TIS IS 41: “The Use of Plastic and other Non-Metallic
Materials at CERN with respect to Fire Safety and Radiation Resistance”

» Safety Instruction IS 23, rev 2: “Criteria and Standard Test Methods for the
Selection of Electric Cables, Wires, and Insulated Parts with respect to Fire Safety
and Radiation Resistance”

» Safety Code D1: “Lifting Equipment”

11.1.45 Tedting

As the design matures and the detailed testing procedures are formulated, this section
will be revised accordingly. The preliminary test list includes:

o Pressure and leak tests on all cryogenic piping, after thermal shock to LN
temperature when possible. The pressure testing will be done at a pressure equal
to 125% of the design pressure. There shall be no pressure drop after a 24-hour
hold period.

Current lead tests of HTS superconductor leads. These are primarily
developmental tests done before the main procurement to demonstrate that the
current leads function properly on first production units. For the main
procurement, certification tests will be performed by the manufacturer according
to specifications and procedures which will be included in the purchase contract.

O

O

Tests of the lambda plate operation on the component level.

O

Electrical testing to verify continuity and insulation of the diagnostic cables.

O

Cold testing to verify that the feed box operates properly. This can include boil-
off measurements, full power testing of current leads, resistance to ground for the
diagnostic cables, and vacuum in the insulating space. It will be very difficult and
costly to ensure that the installed lambda plate is properly functioning in these
tests, so we will rely on the component test results as verification that the lambda
plates function properly.

11.1.45.1.1 References

[5]] G. Trinquart, private communication, 18 Nov. 1997.

[52] J. Strait, private communication, 4 Aug. 1997.

[53] M. Chorowski, et al., “A Simplified Cryogenic Distribution Scheme for the Large Hadron
Collider,” presented by W. Erdt #te 1997 Cryogenic Engineering Conference, Portland, OR. To be
published in the conference proceedings.
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11.1.5 IR Absorbers
At design luminosity 1034 cm-2secl and total cross section opp = 112 mb there are

~ 109 collisions per second at the high luminosity interaction points IR1 and IR5. These
interactions give rise to ~ 1.25 kW of power in collision products leaving an IR in each
direction. Some of this power is carried off by small angle elastic and diffraction
scattering of the primary protons and stays inside the beam tube until leaving the
interaction regions. However, significant fractions are carried off by particles leaving the
beam tube in the interaction region - viz. neutrals, which are not deflected by magnetic
field of the separation dipoles and large angle and/or off momentum charged particles.
Theinelastic collision power carried off by neutrals has been estimated to be 330 W
leaving an IR in each direction [54]. Similarly the collision power escaping the beam tube
and incident on the front face of the inner triplet quadrupoles has been estimated to be ~
145 W and incident on the beam tube inside the inner triplet quadrupoles and first
separation dipole ~ 185 W [54]. Specia purpose absorbers must intercept this power to
prevent guenching the inner (Q1 to Q3) and outer (Q4 to Q6) triplet quadrupoles.

This section discusses the requirements, the estimated radiation deposition and
activation, and the conceptual designs for the neutral beam and front quadrupole
absorbers. Absorption of the radiation incident on the inside of IR quadrupole beam tubes
is described in Sec. 11.1.2.6 above. Because of the high incident flux of collision products
near zero degrees, the neutral absorber isanatural place for location of radiation hard
ionization detectors which could provide useful information. For example providing the
backgrounds from beam halo interactions and beam gas collisions are low enough these
on axis ionization detectors could be used for; (1) measurement of luminosity, (2)
measurement of the beam transverse dimensions at the IR and (3) feedback control of the
colliding beam centers at the IR’s to maximize luminosity. A schematic layout of IR1
(IR5 is similar) for the most recent LHC lattice v5.0 is given in Figure 11.1.5-1 and shows
the relative positions of the quadrupoles (Q1-Q7), beam separation dipoles (D1-D2),
neutral absorber (TAN) and front quadrupole absorber (TAS).

The LHC lattice in the interaction regions will continue to evolve and this will effect
the precise values of the parameters of the absorbers given in the following sections -
viz. their location, length, beam tube ID etc.. This evolution will be a continuation of the
lattice development that has taken place during the two years the conceptual design of the
absorbers has taken place. Although the precise parameters of the absorbers have
changed over time, these changes have been small and the basic function and scope of the
absorbers is defined well enough that changes in detail have not had a significant impact
on their estimated cost.

[1.1.5.1 Neutral beam absorbers

1.1.51.1 Radiation deposition and activation calculationsfor the neutral beam
absor ber

The TAN are located between the separation dipoles D1 and D2 and are £148.5m
from the interaction points at IR1 and IR5. A TAN'’s primary function is to prevent ~ 330
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W of neutral collision fragments from quenching the superconducting dipole D2 and the
outer matching section quadrupoles Q4-Q7, which are in the direct path of these particles.
The TANs also provide well defined physical locations for the deposition of this
penetrating radiation and alocation for beam diagnostic equipment. Once the primary
radiation has been absorbed, the TANs become activated and require special
considerations for access and handling. The size of the absorbers is determined by
considerations of shielding the superconducting magnets, prompt radiation dose
alongside the absorber, remanent surface activation and activation of ground water,
mainly through production of tritium and radioactive isotopes of sodium. An early study
of the shielding requirements and activation of these absorbers was carried out by
Mokhov and Stevenson [55]. These calculations have recently been updated by Mokhov
for the latest layout of LHC lattice components (LHC v5.0) [56]. Results are shown in
Fig. 11.1.5.1-1 to Fig. 11.1.5.1-5. For these calculations, the TAN is assumed to be made
of Cu out to 15 cm radius and of Fe at larger radius. The incident flux of gammas,
electrons and positrons, neutrons, protons, pions and muonsis shown in Fig. 11.1.5.1-1.
The mean energy and mean number of each of these particlesthat strike the TAN per pp
interaction and the product of these two parameters are given in Table 11.1.5.1-1.

Neutral absorber Inner triplet  Front quad
. « « « « e absorber
DS _Straight < @ 0 0 no
Se%tion < 6 pa 5 ol A il o1 < i
D2
|§’ Q IQ IQ __Q TAN 1y Tas 71
=T= 9 Ring 2 -1 nlum 1= =
1 m D Ring _)Q7Ag;:Q5 ﬂ 3 |
- Q6. L
I | | || Ring1 [[[o42 _Hj L |
3.22 3.4 0.7
29.67 29.9 23.64 | |l9.45 73.62 30.6 23
188| 6.7 3.1 3.1 3.1 269.29 239 4.2

Figure 11.1.5-1: Schematic layout of IR1 showing locations of the neutral absorber (TAN)
and front quadrupole absorber (TAS).

Power density profiles are given as functions of axial distancein Fig. 11.1.5.1-2 and
asfunctions of radiusin Fig. 11.1.5.1-4. There is a peaking of the power density afew cm
off the axis of the TAN due to the 200 prad crossing angle at the IR assumed in this
study. From Fig. 11.1.5.1-2 the maximum power density of the shower particles occurs
22.5 cm behind the front face of the TAN and is 5 W/kg; the first of the radia profilesin
Fig. 11.1.5.1-4 is at this depth. From Fig. 11.1.5.1-4 we see that most of the power
deposition isin the Cu. If the length of absorbing Cu and Fe is assumed to be 3.0 m the

maximum power density at the end of the TAN is ~ 1.5x10-3 W/kg. Power density limits
haven't been set for D2 or Q4-Q7 immediately behind the TAN however for Q1-Q3 a
limit 0.4 W/kg is being taken so a 3 m TAN would have a large margin of safety for
avoiding quenching magnets.

Activation of the TAN assuming 30 days of irradiation at design luminosft§ 10

cn2 secl and one day cool down is shown in Fig. 11.1.5.1-5 as a function of axial
position for various radii. Assuming an outer cylindrical surface with radius 55 cm the
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maximum remanent dose rate on the outer cylindrical surfaceis 0.5 mSv/hr. This exceeds
the nominally accepted value at CERN of 0.1 mSv/hr for a person to stand alongside the
absorber but is below the 1-2 mSv/hr emergency access level. The remanent dose rate
could be reduced by increasing the radius of the Fe absorber; however, r =55 cmisthe
presently allowed limit that has been given for the size of the TAN in the tunnel. The
front surface activation is considerably higher reaching a maximum value ~ 80 mSv/hr
near the axis. Assuming a 3 m absorber length the maximum activation on the back
surface is 0.7 mSv/hr, which is below the emergency access limit. Thereis a pumping
station between the TAN and D2. To allow access to this pumping station it would be
desirable to further reduce the remanent dose rate to ~ 0.1-0.2 mSv/hr by increasing the
length of the central part of the neutral absorber by ~ 0.5 m.

Depending upon the specific task and its duration some additional shielding and
special precautions will need to be taken for people to access the region occupied by the
TAN, particularly on the front surface. Looking at the contour r = 15 cm for the Cu - Fe
interface one sees that the cylindrical outer surface of the Cu will reach aresidual dose
rate ~ 30 mSv/hr, alevel for which accessis not allowed. Removing the outer Fe
absorber of the TAN will therefore require remote handling equipment and caskets or
other precautions for storage of the pieces before re-assembly.
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Fig. 11.1.5.1-1: Particle fluxes incident on the neutral absorber (TAN) due IR interactions.
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LHC 7x7 TeV IP1/IP5 Neutral Beam Dump

1 July 1997 inner triplet  DPMJET/MARS13 (97) r (cm)
i O—015
10 : A—A25
: N—\4
af B—E5.65
10 " : —1{J7.55
441005
3107 O—<13.15
S g V—V175
> V—25
21071 +—+35
S ; X—x 45
QL 55
: 10 >—1>65
o , *—*75
10° | *—%85
107°.
10_7 T T T T (S T M SO S M N
0 50 100 150 200 250 300

Depth (cm)

Fig. 11.1.5.1-2: Power density in the neutral absorber versus axial distance averaged over
azimuthal angle for severa radii.
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Fig. 11.1.5.1-4: Power density in the neutral absorber versus radius, averaged over
azimuthal angle, at three axial locations.
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Fig. 11.1.5.1-5: Residual dose rate of the neutral absorber assuming 30 days irradiation at
1034 cm2sec-1 and one day cool down.

135



- DRAFT -

Table 11.1.5.1-1: Intensity and mean energy of particles striking a neutral absorber (TAN)

Particle type <n> per pp <E> <n><BE>
Interaction TeV TeVipp int
neutron 0.332 2.185 0.7254
proton 0.060 1.215 0.0729
charged pion 0.705 125 0.0881
photon 150.8 4.88x10-3 0.7359
electron/positron 12.50 0.66x10°3  8.25x10-3
muon 0.014 0247 0.35x10-3
1.1.5.1.2 Neutral beam absor ber requirements and specifications

The requirements for the neutral absorber have been derived from considerations
which include:

» intensity of incident radiation from the IR

» radiation shielding of superconducting magnets

» prompt radiation dose rate at the surface of the absorber

* remanent radiation dose rate at the surface of the absorber
» activation of ground water

* beam tube vacuum

* beam impedance

* tunnel access

o cranelimits

« aignment

* installation and maintenance.
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The requirements and specifications for the neutral absorber are summarized in
Table11.1.5.1-3. The TAN is specified to absorb 330 W of power with a maximum

temperature increase of 20°C and to transmit a power density < 0.4 mW(/g directly behind
the absorber for protection of superconducting magnets. The material for the absorber is
Cu for the inner absorber r < 15 cm, which absorbs most of the power, and Fe for the
surrounding outer absorber. The maximum outside radius of the Fe absorber allowed by
tunnel accessis 550 mm.

Table11.1.5.1-3: Neutral absorber requirements and specifications.

Absorbed power 330 W
Transmitted power density < 0.4 W/kg
Beam tube material OFHC
Inner absorber material Cu
Outer absorber materia Fe
Max. absorber outer radius 550 mm
Max. temp. increase with beam operation 20 0C
In situ beam tube bake out temp 150 OC
Distance from front flange to IR 1485m
Min. aperture >100x,y = 121 mmat in;.
Beam tube radiusfacing IR 110.2 mm

(2 beamsin one tube)
Beam tube radius away from IR 25 mm

(2 beamsin 2 tubes)
Aperture radial tolerance 1 mm
Max. beam tube bore taper 100
Horiz. beam separation at entrance flange 171 mm
Horiz. beam separation at exit flange 179 mm
Flange to flange length 3900 mm

Flange type Clamped, remote assembly
Nominal beam height from tunnel floor 950 mm

Alignment tolerance + 0.6 mm

Range of vert. and horiz. Adjustment +10 mm

Crane lift limit 5 tonnes
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The beam tube is part of the warm insertion region vacuum system and should be
consistent with design specifications and practices employed for that system for vacuum

and wall resistivity; OFHC Cu beam tube, in situ bakeable to 1500C, ~10-10 Torr range
for H2 and ~ 10-11 Torr for the other gases CH4, CO and CO2 [57]. In the absence of

synchrotron radiation from bending magnets, photodesorption and electron cloud effects,
which are concerns el sewhere in the machine, are not a concern for the TAN beam tube.
The primary gasload in the TAN beam tube will be residual outgassing. The beam tube
of the TAN in Table 11.1.5.1-3 is stable with respect to the ion desorption instability. For
the worst case desorbed gas, CO, the safety margin is~ 3.8 unbaked and ~ 13.1 baked
for operation at design current | = 0.536 A per beam.

All apertures of the LHC including the TAS and TAN are specified to be greater than
100,y from the beam axis except in the beam cleaning insertion IR 3 and IR 7 where the
beam scraping collimators are at 60x,y. From pg. 38 in the Y ellow book [54] the aperture
Nx,@ xy isrelated to the physical aperture Ay y by

Ayy(8) = (My Oy (8) + BpDyy (9))* kg + (CO+ Beny (8) )+ (o + ol )

where we have added a subscript X,y to distinguish the two planes. The dispersion is
lessthan 0.1 m everywhere between the outer separation dipoles D2. Sowith d p =
0.468x10-3 at injection we estimate Dxd p<.05 mm which is negligible, so we drop it.

The closed orbit, alignment and manufacturing tolerances we take the same as the Y ellow
book, CO=4.0mm,d g =0.6 mmand o g= 1.0 mm. The half separation between orbits
0 Fpyx,y appliesin the above equation only when there are two beamsin asingle tube -

I.e., everywhere between the TAN flanges facing the IR. For estimating the separation
between the two orbits, we take a simple model. Assume no vertical separation o sepy =0

and for the horizontal plane assume afull crossing angle of 200 prad at the IR. Kicks are
applied at the midplanes of D1 and D2 to produce parallel orbits separated by 194 mm in
Q4. The midplanes of D1 and D2 are 69.750 m and 160.050 m from the IR respectively.
Thend spyxy isgiven by

0<s<69.750 m:
¢sepy (mm) =0.100* s(m)

69.750 < s< 160.050 m:
ésep, (mm) = 6.975+ 0.997(s — 69.750)

s> 160.050 m:
ésepy (mm) =97.0.
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Assuming a distance 148.5 m from the IR to the TAN and 3900 mm TAN length, the
horizontal beam separation facing the IR is 171 mm and away from the IR 179 mm. The
aperture requirements are most stringent at injection when the beam dimensions are
largest. For beam size we take a normalized emittance 3.75 Tt mm-mrad and with

02

- __Xy
Yinj = 479.6, an un-normalized emittance & = 7.82x10 3 tmm-mrad. Setti ng €= B
3%

the beam size is calculated once the beta functions are known. Beta functions at the
locations of absorber flanges have been taken from MAD filesfor LHC v5.0 optics. For
physical apertures a 110 mm beam tube radius is taken facing toward the IR with the two
beams in a single tube and 25 mm radius for the two beams in separate beam tubes facing
away from the IR. With these choices, the beam tube radii are continuous with the
adjoining warm vacuum beam tubes. Everything has now been specified to estimate the
apertures of the TAN in terms of rms beam size ny, ny. The minimum value obtained is

14.5, which exceeds the minimum allowed value of 10.
The angle of the taper between the beam axis and the surface of the beam tube

transition between one and two tubesis specified to be no greater than 10° from

Impedance considerations and is consistent with beam tube transitions elsewhere in the
machine [57]. The flange to flange length of the neutral absorber is specified to be 3900

mm and the flanges are specified to be clamped flange type suitable for fast and possibly
remote assembly due to activation. This specifies the |attice slot space needed for the

TAN and defines the interface between the TAN and the rest of the LHC vacuum system.

The length of actual absorber is 3000 - 3500 mm. The nominal height of the beam tube in

the neutral absorber is specified to be 950 mm from the tunnel floor. The entire mass of

the neutral absorber is specified to be supported with a system allowing £ 10 mm vertical
and horizontal adjustment with an alignment tolerance of £0.6 mm. For assembly and
disassembly, the absorber must be assembled in the tunnel with individual sections
weighing no more than 5 tonnes, set by the crane limit in the tunnel. Since the TAN will
become activated, it is desirable that the handling of the TAN be as simple as possible
and with a minimum number of sections each near the 5 ton limit.

1.1.5.1.3 Neutral beam absorber conceptual design

The conceptual design of the neutral absorber is shown in Fig. 11.1.5.1-7 throughFig.
[1.1.5.1-10. Fig. 11.1.5.1-7 shows a front view, a section near the back and a side view.
Fig. 11.1.5.1-6 shows a horizontal section through the absorber exposing the beam tube
channel and separation of the beams from two beams in a single tube facing the IR to two
beams in two tubes facing the arcs. Fig. 11.1.5.1-6 shows the beam tube and Fig.
[1.1.5.1-10 is an exploded view of the components. Starting from the inside of the
absorber and working to the outside, several concepts have been considered for the
design of the beam tube channel.

For the presently favored concept, which is shown in Fig. 11.1.5.1-6, the transition
section from two beams in a single tube to two beams in two tubes is 341 mm in length
and machined from a solid 300 mm x 250 mm x 375 mm block of OFHC Cu (wire
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EDM). The maximum angle between the beam axes and the surfaces of the conical

sectionsis about 100. The section of the vacuum chamber with the single tube, a 220 mm
ID OFHC copper tube, is electron beam welded to a quick disconnect flange on one end
and brazed to the transition section on the other end. The quick disconnect flangeisa
stainless steel flange into which a copper ring has been brazed. The electron beam
welding is between the copper tube and the copper ring of the flange. Similarly, the two
straight OFHC copper beam tubes, with 50 mm ID, are brazed to the transition section.
The remaining ends are terminated with quick disconnect flanges, and the flange copper
rings are el ectron beam welded to the copper tubes. The OD of these tubesis 70 mm so
the wall isthick enough to prevent yielding during handling. The flange to flange length
of the beam tube is 3900 mm. Except for 200 mm protrusions at each end the entire beam
tube isinside the outer copper and iron absorber. A horizontally split copper block 300
mm X 250 mm x 2875 mm fits over the two beam tubes behind the transition section and
arectangular iron casing with outside dimensions 450 mm x 375 mm x 3500 mm fits
over the entire copper assembly. The weight of the copper plusiron casing is nominally 5
ton and would be pre-assembled as a single unit before installation in the tunnel.
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Fig. 11.1.5.1-7: Front (a), back (b) and side (c) views of the neutral absorber (TAN)
conceptual design.
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Fig. 11.1.5.1-6: Horizontal section of the neutral absorber.
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Fig. 11.1.5.1-10: Exploded view of the neutral absorber.
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Fig. 11.1.5.1-9: An aternative design for the beam tube transition section.

Another concept that has been considered for the beam tube transition is shown in
Fig. 11.1.5.1-9. The transition section is fabricated from thin wall copper (5 mm) and
located entirely in front of the main mass of the neutral absorber. Showers initiated in the
septum dividing the beam tube propagate a short distance in air and are incident normally
on the front of the copper absorber. A significant disadvantage of this concept is that the
transition section will become highly activated and is not shielded by the absorber mass.
Fabrication from thin wall copper also seemed |ess straightforward than wire EDM from
solid stock.

The copper plusiron box subassembly rests on a base plate made of two 200 mm x
1100 mm x 3000 mm base plates which are in turn supported on the tunnel floor by ISR
magnet jacks. Each base plate weighs nominally 5 tonne. Semi-cylindrical iron caps with
radius 550 mm fit over the top of the copper - iron subassembly and rest on the top base
plate. Theiron cap is divided into three sections each weighing nominally between 3 and
5 tonne. Altogether then, the neutral absorber is assembled in the tunnel from six
approximately equal weight pieces that fall within the crane limit. Although it is not
indicated in the figures, the copper - steel and stedl - steel interfaces running along the
beam axis would have steps to avoid shine-through.

A thermal analysis was carried out assuming 500 W is absorbed in the neutral beam
absorber. Assuming ambient cooling, the absorber surface temperature rise is estimated at
12 degree C. Internal gradients of 7 degree C are estimated from the vacuum chamber to
the outer absorber surface assuming that the 500 W is deposited in the first 2 m of the
absorber. Thusit is expected that the vacuum chamber temperature will rise 19 degree C
above the ambient tunnel temperature.

Assembly/installation of the neutral beam absorber starts with surveying the location
of the floor plates followed by installation, leveling, and then grouting of the floor plates.
Next comes the installation of the jacks with the necessary tie-downs. Then the lower
base plate is lowered into place and engages the upper sections of the three jacks. The
upper base plate is then lowered onto the lower base plate and engages the two pins
mounted on the lower base plate. Then the collimator box is placed on the upper base
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plate, also positioned by two pins mounted in the upper base plate. Lastly, the three caps
are put in place which rest on the collimator box and each is engaged to the upper base
plate with two pins. The design concept has been to use a non-fastener assembly so when
the unit becomes radioactive, it can be disassembled as rapidly as possible.

Alignment is accomplished with optical tooling. The relevant dimensions of the
absorber vacuum chamber will be referenced to small tooling balls mounted on the
vacuum chamber. This dimensional information will in turn be transferred to two Taylor-
Hobson tooling ball spheres placed in tooling ball sphere cups, CERN drawing No.
8091-5203-3, that are mounted in the notches of the upstream and downstream caps and
to aprecision level located on the aft end of the collimator box. The alignment centerline
in the notches is centered 400 mm vertically above and 380 mm transversely inward from
the beam centerline, and toward the tunnel centerline. The notch is cut such that thereisa
100 mm clearance around the alignment centerline. The two tooling balls will provide
vertical, transverse, longitudinal, pitch and yaw position and the level provides roll
position. Positioning of the absorber is accomplished with 3 jacks as shown in Fig.
[1.1.5.1-7. The vertical axis of the jacks are parallel to gravity and not quite perpendicular
to the longitudinal axis of the absorber due to the tunnel slope. Here the 15 tonne ISR
jacks, CERN drawing 232-268, have been incorporated into the design which are
manually operated. The nominal jack loadings are 6.5 tonne on two jacks and 13 tonne on
one jack. Available motion is £ 10 mm in the vertical, transverse and longitudinal
directions. Motion sensitivity is 0.25 mm per turn vertically and 0.25 mm per turn
horizontally. If greater motion is required in the vertical direction, that will be achieved
by adding shims in the jack stack.

Slots have been placed in the absorber for installation of detectors to measure the
flux of ionizing shower particles near the axis of the absorber and between the two beam
axes. Such detectors, depending on background levels, could have a variety of uses such
as fast luminosity measurement, measurement of beam size at the IR and feedback
control of beam-beam separation at the IR. Section 11.4.7.2 below discusses the
possibility of using an Argon ionization chamber for these purposes. At low luminosity
with a small probability of interaction per bunch crossing it may be possible to use a
plastic scintillator for a detector.

11.1.5.2 Front absorbersfor theinner triplet quadrupoles

1.1.5.2.1 Radiation deposition and activation calculationsfor the front
quadrupole absor ber

The external front absorbers (TAS) for the inner triplet quadrupoles are located in
front of the Q1 quadrupoles and are £18.4 m from IR1 and IR5. To avoid large
backgrounds in the experiments due to back-scattered radiation these absorbers are
imbedded in massive steel and concrete shielding which needs to be taken into account in
the detailed design of the TAS. Schematics of the TAS, Q1 and the steel and concrete
shielding are shown for the two large detectors in Fig. 11.1.5.2-1 (ATLAS) and Fig.
[1.1.5.2-3 (CMS). It is necessary to design support and alignment systems for the TAS so
they are an integral part of this shielding. For both detectors there are pumping stations
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immediately behind the TAS and between the TAS and Q1. A warm to cold transition is
between the pumping station and Q1. The primary purpose of the TASisto prevent ~
145 W of charged and neutral collision fragments outside the beam tube [58] from
guenching the inner triplet superconducting quadrupoles Q1-Q3. Calculations of
maximum power density and total power deposited in the IR quadrupoles and first
separation dipole have been calculated in Ref. [58] for several choices of aperture and
placement of absorbers. The general conclusion of this work was that bore tube absorbers
are required in addition to the front absorber in order to reduce the maximum power
density to < 0.4 W/kg necessary for operation of Q1-Q3 at design gradient. The bore tube
absorbers are described in the section on IR quadrupol e design and not included here.
Recently the radiation deposition cal culations have been repeated for the current layout
of the front absorber [56] and these results are given in Fig. 11.1.5.2-5 through Fig.
11.1.5.2-9. For these calculations, the TAS is assumed to be made of copper with outer
radius 250 mm and length 1800 mm. The incident flux of gammas, electrons and
positrons, neutrons, protons, pions and muonsis shown in Fig. 11.1.5.2-5. The mean
energy and mean number of each of these particles that strike the TAS per pp interaction
and the product of these two parameters are given in Table 11.1.5.2-1.

Power density profiles are given as functions of axial distancein Fig. 11.1.5.2-4 and
of radiusin Fig. 11.1.5.2-6. The maximum power density is~10 W/kg near the axis and
~15 cm behind the front of the absorber. The power density falls with increasing axial
distance; at a depth 1800 mm, the power density is at most 0.2 W/kg, which is a factor of
two below the 0.4 W/kg quench limit for Q1-Q3. (The 0.4 W/kg includes a safety margin
of ~3). Remanent dose rates for the TAS are very high. Activation of the TAS assuming
30 days irradiation at design luminosity and one day cool down is shown in Fig.
[1.1.5.2-9 as afunction of axia position for various radii. Assuming an outer cylindrical
surface with radius 25 cm the maximum remanent dose rate on the outer cylindrical
surfaceis ~ 17 mSv/hr, well above the emergency (1-2 mSv/hr) and routine (0.1 mSv/hr)
access limits. The front surface activation is considerably higher reaching a maximum
value ~ 140 mSv/hr near the axis. Assuming a 1.8 m absorber length the maximum
activation on the back surface is ~ 60 mSv/hr. When the concrete and steel shielding
around the TAS isremoved remote handling equipment and caskets or other precautions
for storage will be required.

1.1.5.2.2 Front quad absorber requirements and specifications

The requirements for the front quadrupol e absorber have been derived from the same
genera considerations as the neutral beam absorber described in Sec. 1.1.4.1.2 with some
differences. The front quad absorbers are buried in shielding cones to protect the
detectors from prompt radiation. The magnitude of the prompt and remanent radiation
doses coming from the TAS must be known for proper design of the shielding cones but
the size of the TAS is determined primarily by considerations of protecting the magnets
Q1-Q3 and not by tunnel access limits or ground water activation. The requirements and
specifications for the front quadrupol e absorbers are givenin Table 11.1.5.2-3. The TAS

is specified to absorb 145 W of power with a maximum temperature increase of 20°0C
and to transmit a power density < 0.4W/kg. The material for the absorber is Cu.
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Aswith the TAN, the beam tube of the TAS s part of the warm insertion region
vacuum system and should be consistent with design specifications and practices
employed for that system for vacuum and wall resistivity: OFHC Cu beam tube, in situ

bakeable to 1500C, ~10-10 Torr range for H2 and ~ 10-11 Torr for the other gases CHa,
CO and CO2 [57]. The primary gas load in the TAS beam tube will be residual

outgassing. An analysis of the pressure in the front quadrupol e absorber beam tube
indicates that partial pressuresin the desired ranges can be achieved with ain situ

vacuum baked system even if radiation from the IR causes a 500C rise in beam tube
temperature and the associated increase in thermal outgassing rates [59]. Thisanalysisis
more conservative than the design presented here which should have atemperature rise

less than 200C and which has better coupling to the pumps than assumed in Ref. [59].
Analysis similar to that described for the TAN indicates that ion desorption instability
will not be a problem [60]. Taking account of the two beamsin asingle tube, | = 2x0.536
= 1.07 A), the beam tube of the TASin Table I1.1.5.2-3 ision desorption stable. For the
worst case desorbed gas, CO, the safety margin is~ 2.6 unbaked and ~ 9 baked.

There has been and continues to be considerabl e discussion concerning the aperture
of the TAS. On the one hand one wants a minimum aperture for protecting the
guadrupoles, on the other hand the aperture must be large enough to alow beam orbit
manipulation, probable injection errors etc.. The aperture analysisis similar to the TAN
in Sec. 1.1.4.1.2 and the general requirement isthat the aperture exceed 100y, after
allowing for dispersion, closed orbit error, beam separation and alignment and
manufacturing tolerances. Aperture tolerances are most restrictive at injection, and for the
LHC v5.0 optics the minimum allowable TAS beam tube radius allowing 100y, is
14 mm. This has sometimes been given in the past for the radius of this beam tube
however the present thinking is that the radius should start at 20 mm for initial
commissioning and then be decreased to 17 mm as the machine luminosity increases. The
design of the TAS should allow for a change in beam tube ID.

To reduce activation of the beam tube flangesit is desirable to increase the beam
tube ID outside the absorber, keeping the taper angle between the beam axis and the

beam tube surface within 100 for impedance purposes. The flange to flange length is

specified to be 2500 mm and the flanges should be the clamped flange type suitable for

remote assembly. The actual absorber lengths 1800 mm. The nominal height of the

absorber above the tunnel floor, and the range of motion are the same as for the neutral

absorber. The transverse alignment and radial aperture tolerance have been reduced a

factor of two to = 0.5 mm. In the future, the aperture analysis will be updated with a new
aperture algorithm and current versions of the IR optical design and crossing angle.
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Table 11.1.5.2-1: Intensity and mean energy of particles striking a IR front quad absorber

(TAS)

Particle type <n> per pp <E> <n><E>

Interaction TeVv TeV/pp int
neutron 0.584 0.261 1524
proton 0.285 0.292 .0832
charged pion 6.8 0.159 1.081
photon 8.33 0.087 0.725
muon 0.056 0.033 1.85x103
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Table 11.1.5.2-3: Requirements and specifications of the IR front quad absorbers

Absorbed power 145W
Transmitted power density < 0.4 W/kg
Beam tube material OFHC
Absorber material Cu

Max. temp. increase with beam g oc
operation

In situ beam tube bake out 150 OC

temp

Dist. from front flangeto IR +18.4 m
Min. aperture 17 mm
Beam tube radius 17- 20 mm
Aperture radial tolerance +0.5 mm
Max. beam tube taper 100

Flange to flange length 2250 mm
Flange type Clamped, remote assembly
Nominal beam height from 950 mm
tunnel floor (11200 mm for cryobox)
Alignment tolerance + 0.5 mm
Range of vert. and horiz. +20 mm
adjustment

Crane lift limit 5 tonnes

1.1.5.2.3 Front quad absorber conceptual design

The front quad absorber design includes a vacuum chamber, clam-shell copper
absorber and an adjustable support structure as shown in Fig. 11.1.5.2-9 and Fig.
[1.1.5.2-11. The vacuum chamber is a 2250 mm long assembly made of a 1800 mm long
tube section with 10 degree flared sections attached on either end of the tube and whose
ends are terminated with flanges. The tube is an OFHC extrusion with a 60 mm OD that
will be machined to match the mating clam-shell. The commissioning vacuum chamber
will have a40 mm ID tube, which isto be replaced with a vacuum chamber with a 34
mm ID tube for physics operation. The flared sections which increase the bore diameter
to 64 mm will be OFHC spinnings that are electron beam welded to the tube section.
Flanges, nominally 150 mm OD, are to be a CERN configuration that will allow remote
assembly of the vacuum connections. The flanges as presently envisioned will have a
copper ring brazed to the inside diameter of the flange. The copper ring will in turn be
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electron beam welded to the flared section. Non-destructive testing of thejointsis
planned.

The basic quad absorber design configuration is based on the requirement that the
quad absorber be installed with the existing ATLAS auxiliary cranes which have 5 tonnes
capacity. Therefore, the basic quad absorber assembly has been designed to weigh a
nominal 4 tonnes. Clam-shell construction is atwo piece bolted copper aloy that clamps
around the vacuum chamber. An octagonal configuration with a nominal 500 mm OD has
been selected so that the absorber will be stationary when placed. The copper alloy will
be a 99% alloy with the addition of either lead, tellurium, or sulfur to substantially
improve the machining characteristics of the material. A lifting fixture will be bolted to
the clam-shell assembly for handling. This simple construction should allow for remote
disassembly if required. For remote bakeout of the vacuum chamber, cartridge heaters
and thermocouples are to be built into the absorber assembly to provide a chamber

bakeout temperature of 150°C .

The support system is afour tube adjustable system, without moving parts at the
absorber, which allows vertical, pitch, transverse and yaw positioning of the absorber. As
shown in Fig. 11.1.5.2-9, the quad absorber is hung from the outside of the shielding by
two of the adjustable structural tubes which can provide vertical and pitch motion over a
+ 20 mm range. Likewise, a similar arrangement of two structural tubes is mounted
horizontally for transverse and yaw adjustment over a £ 20 mm range.

The details of the support and adjusting mechanism are shown in Fig. 1.1.5.2-11.
With the support plate-threaded tube assembly secured to the outer shielding and adjusted
so that the threaded tube axis is positioned correctly in the transverse and longitudinal
directions and the axis parallel to gravity, the structural support tube is inserted through
the threaded tube and threaded into the absorber. (Note that the absorbers are at
approximately 1.3 degree angles to the horizontal, so the axis of the threaded holes for
the vertical structural tubes are angled 1.3 degrees longitudinally in the absorber
assembly.) With the structural tube engaged, it is locked in place with the locking screw.
The adjusting nut is threaded first onto the structural support tube and then into the
threaded tube of the support plate-threaded tube assembly. Because the threads are
different on the structural tube and the threaded tube, there is a differential lead of 1 mm
per turn of the adjusting nut. With the design here, 20 turns will lift the absorber 20 mm
and put it in its nominal central position. After completing the adjustment, the adjustment
nut is locked with the locking nut. The horizontal adjusting system is installed in a similar
way. To determine the location of the absorber, an invar rod slips through the inside of
the structural tube and contacts the absorber. Near the outside end of the invar rod a
threaded cap and a spring are provided so that the invar rod can be slightly preloaded
after placing the rod in position. On the end of the rod is a platform for mounting a
Taylor Hobson alignment sphere cup for alignment. The size of the holes in the shielding
IS to be minimized to least compromise the shielding.

The design shown in Fig. 11.1.5.2-9 and Fig. 11.1.5.2-11 is an example of how the
absorber could be installed in the presently configured ATLAS shielding design. The
shielding designs of both the CMS and ATLAS detectors are currently under
development and since this design is quite flexible it is anticipated that the absorber
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design outlined here will accommodate the shielding designs that evolve for the CMS and
ATLAS detectors.

Alignment of the absorber requires that the vacuum chamber be correctly aligned to
the axis of the adjacent adjacent low-beta insertion quadrupole. To accomplish this goal,
Inside diameter measurements of the vacuum chamber are to be referenced to small
tooling balls attached to the vacuum chamber flared sections. Thisinformation shall in
turn be referenced to both the invar rod contact pointsin the absorber and to the external
alignment locations on the ends of the invar rods during final assembly.

A thermal analysis shows, with 200 W of absorbed power and forced ambient air
cooling, that an internal temperature gradient in the absorber of 3 OC is expected and the

absorber surface - air temperature difference is 8 9C with 0.6 cubic meters per minute of
air flow. Thus, it is expected that the maximum temperature of the vacuum chamber will

rise 11 OC above the ambient temperature. To provide the necessary cooling, a blower
and an air manifold are to be provided.

Quad absorber in IP1 (ATLAS)

T 2000 sq.

IR Quads

/ 23.00 m / 26.50 m

Fig. 11.1.5.2-1: Schematic of the front quadrupole absorber (TAS), Q1 and the ATLAS
steel and concrete shielding.
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Fig. 11.1.5.2-3: Schematic of the front quadrupole absorber (TAS), Q1 and the CM S steel
and concrete shielding.
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Fig. 11.1.5.2-5: Particle fluxes incident on the front quad absorber (TAS) dueto IR

interactions.
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LHC 7x7 TeV IP1/IP5 Front Absorber (Copper, Rin=17 mm)
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Fig. 11.1.5.2-4: Power density in the front quad absorber versus axial distance averaged
over azimuthal angle for several radii.
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LHC 7x7 TeV IP1/IP5 Front Absorber (Copper, Rin=17 mm)
July 1997 inner triplet DPMJET/MARS13 (97)
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Fig. 11.1.5.2-6: Power density in the front quad absorber versus radius, averaged over
azimuthal angle, at three axial locations.
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LHC 7x7 TeV IP1/IP5 Front Absorber (Copper,Rin=17 mm)
July 1997 inner triplet DPMJET/MARS13 (97) r (cm)
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Fig. 11.1.5.2-9: Activation of the front quadrupole absorber assuming 30 days irradiation
at 1034 cm2sec-1 and one day cool down.
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1.2 RF Insertion

1I.2.1 RF Region Dipoles

[1.2.1.1 Introduction

The dipoles required in the RF region of the LHC have field and aperture
requirements close to those of the RHIC [62] arc dipole magnets. Thusthe
superconducting coils developed for these magnets can be used cost-effectively in a
dipole design that satisfies CERN'’s requirements. The required magnets will be built at
BNL using tooling constructed for the RHIC program, so far as possible. RHIC magnets
were built commercially but the company that built those magnets was not interested in
this proposed, modest construction program. All magnets will be tested at operating
temperature in the existing BNL test facility, then shipped to CERN for installation in the
LHC lattice. Close coordination is required between the two laboratories to ensure that
they meet all requirements for operation in the LHC.

11.2.1.2 Objectives, Specifications and Requirements

11.21.21 Overview

The dipole magnets to be built will be double aperture dipoles labeled D3a, D3b,
D4a, and D4b. These magnets increase the separation of the beams of the LHC from the
nominal spacing of 194 mm to 420 mm so that individual RF cavities can be installed for
each beam, and then return the beams to the nominal 194 mm spacing. A drawing of this
region of the LHC is shown in Fig. 11.2.1.2-1.

Q7D4b Dda D3bD3aQ6 Q5 ADT ACS ADLQ4 Q3 \
[l [l ’—‘ ’—‘ [l cc beam 2 ‘
L] | ‘
= = D = beam 1 =

Fig. 1.2.1.2-1Geometry in the RF Region of the LHC. The nominal 194 mm separation
of the beams is increased to 420 mm so that there is sufficient space for independent RF

cavities for the two beams. The labels ADT, ACS, and ADL refer to components in the
RF system of the machine.

160



- DRAFT -

The dipole magnets are designed with a common element: collared coilsin which
the superconducting coils are mechanically the same as those built for the RHIC arc
dipole magnets [61, 62]. The RHIC dipoleisawell understood magnet with good
guench performance and field quality. These collared coils are assembled into yokes
with common outside dimensions but with varying internal features (iron saturation
control holes, aperture spacing) depending on location. The use of common outside
dimensions reduces tooling cost. The yoke size has been constrained to fit into cryostats
similar to those designed by CERN.

These 2-in-1 magnets have the field in each aperture in the same direction. This
is different from the more usual 2-in-1 designs, such as used in the LHC arcs, where the
fields are in opposite directions and the flux in one aperture returns partially through the
other. With these in the same direction, the fields of the two apertures are decoupled and
are like those in independent magnets, provided thereis sufficient iron available to
contain the flux. Judiciously placed cutouts in the yoke, where the placement is altered
for each particular separation of the coil apertures, control the field asymmetries that
would otherwise be generated. These cutouts are also used to give equal excitation
curves for magnets with different coil aperture spacing (field quality is discussed in
Section 11.2.1.3.12). Thislatter goal is aided by again having sufficient iron on the
midplane to reduce saturation effects.

The field quality expected in these magnets, given in Section 11.2.1.3.12, is
anticipated to be suitable for the LHC. Accelerator Physics studies planned as part of the
US/CERN collaboration will confirm through tracking calculations that thisfield quality
Is adequate.

The dipole magnets to be built by BNL for the LHC are summarized in Table
1.2.1.2-1.

Table11.2.1.2-1 Dipole magnets to be built by Brookhaven for the LHC.

Coil Aperture, Magnetic Length, Aperture Number
Name  Syle mm m Separation (cold), (Spares)
mm
D3a 2-in-1 80 9.45 400 2(2)
D3b 2-in-1 80 9.45 382 2(1)
D4a 2-in-1 80 9.45 234 2()
D4b  2-in-1 80 9.45 194 2(1)

11.2.1.2.2 Dipole Cold Mass

Fig. 11.2.1.2-3 shows cross-sections of the dipole cold masses. The design is
based on a single-layer "cosine theta" coil, wound from a partially keystoned, 30-strand
NbTi superconducting cable. The coils are collared with stainless stedl collars, which are
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intended to constrain the full Lorentz forces when the magnet is powered. A laminated,
cold steel yoke encased in a stainless steel helium-containing cylinder mechanically
supports the coils. The helium vessel is also a structural part of the yoke assembly. The
dipole operating field is 3.55 T. The magnets can be operated at temperatures up to 4.6 K
to provide the required field; in the LHC it is planned to operate them at alower
temperature. Some general design parameters are listed in Table 11.2.1.2-3. Fig.
11.2.1.2-5 shows a cross section of D4ain the lead end of the magnet.

Da DSb

= 2%4mm = —1 19%4mm

Fig. 11.2.1.2-3. Dipole magnets for the RF Region. The coil apertures are 80 mm. The
yokes al have the same external dimensions.
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Table 11.2.1.2-3. General design parameters. “Nominal” means the maximum operating
point for good field quality.

Item Units  Value
Operating field (7 TeV) T 3.55
Nominal field T 3.8
Nominal current kA 6
Coil inner diameter mm 80
Magnetic length m 9.45
Operating temperature, max K 4.6

1.2.1.2.3 Assembled Magnets

The cold masses are assembled into cryostats to make completed magnets, Fig.
[1.2.1.2-5. The cryostat consists of a cylindrical vacuum vessel, aluminum heat shield,
blankets of multilayer thermal insulation, cryogenic pipes, and the magnet support
system. A variety of measurements, both mechanical and electrical, will be made on the
magnets during the construction process. All subassemblies must satisfy the test
requirements before incorporation into a magnet. Completed magnets are tested at
operating temperature, then packaged and shipped to CERN for installation into the LHC.

coldmass are the same as those for LHC arc dipoles. The diameter of the vacuum tank is
914 mm.
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11.2.1.3 Technical Description

1.2.1.31 Super conductor

A 30-strand (wire) superconducting cable will be used in the fabrication of al of the
dipole magnets. A similar cable has been used for the RHIC arc dipole and quadrupole
magnets [62] .Consequently, the cable fabrication methods are well developed. The
superconductor wire to be used in the cable was purchased for the SSC program and has
been kept in storage since the end of that project. Its properties are similar to those of the
wire used for RHIC, but with a copper to superconductor ratio of 1.8 rather than 2.25.
With active quench protection in the magnets, and a sizable margin between required
operating current and predicted quench current, it is anticipated that this material will
give satisfactory results.

The mechanical and electrical properties of the superconducting wire to be used are
summarized in Table 11.2.1.3-1. Each wire consists of 4165 NbTi alloy superconducting
filaments with anominal diameter of 6 um and a spacing of >1 um. The exact number of
filaments was chosen by the superconductor vendor based on the details of the billet
design. Copper is used as the matrix between filaments, it occupies the central core of
the wire, and it provides an outer covering for the wire. Copper represents about 64% of
the wire cross section and isimportant for the cable and magnet operational stability as
well as for protection against burn-out through overheating during a quench. The wire
diameter of 0.648 mm was tightly controlled during final stages of manufacturing and
was checked with alaser micrometer.

The wire minimum critical current is defined at atemperature of 4.22 K, an applied
magnetic field of 5 T perpendicular to the wire axis and aresistivity of 1x10™* Q[
based on the total wire cross section. This current corresponds to a minimum current
density in the NbTi superconductor of 2750 A/mm?at 5 T. The SSC wire meets or
exceeds this minimum specification. The wire critical current at 3 T will be sampled in
order to monitor the effects of superconductor magnetization at low field.
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Table11.2.1.3-1. Superconducting wire parameters.

Item Units Value

Mechanical

Nominal filament diameter um 6

Nominal filament spacing pm >1

Nominal copper to superconductor ratio (1.8+0.1):1

Number of filaments 4165+20

Wire diameter mm 0.648+0.003

Wire twist direction Right

Wire twist pitch mm 13t1.5
Electrical

Wire min. critical currentat5 T, 4.2 K A 325

Wire maximum critical currentat 3 T A 1.60measured.l@ 5T

Wire maximum R(295 K) Q/m 0.082

Wire minimum RRR 38

Thirty wires are fabricated into a Rutherford-type cable by first twisting them around
a mandrel, then rolling them into a flat, keystoned shape with dimensions given in Table
[1.2.1.3-3 and Figure 11.2.1.3-2. The variations of the cable dimensions, especially the

1.166+0.006mm
F (AT MIDPOINT)

P.Z‘”rOﬂ“

L 9.7/73£0.2mm J

cable mid-thickness, will be tightly controlled
because the magnetic field quality of the
magnets and the coil prestress are strongly
dependent on them. The cable lay is chosen to
be opposite to the wire twist and requires a
cabling machine operating in a planetary

mode for fabrication. The cable minimum

Fig. 11.2.1.3-1. Cross section of the ~critical current (see Table 11.2.1.3-3) is defined
cable to be used to fabricate coils for in a similar way to that for the Wire, but with

LHC dipoles.

the magnetic field perpendicular to the wide
surface of the cable and with compensation for

self-field. The cable minimum critical current can be obtained from the wire minimum
critical current at 5 T times 30 (number of wires in cable) and multiplying by 0.95

(allowance for 5 % degradation in cabling). Wire piece lengths are large enough to allow
all cable lengths to be produced without cold welds.
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Table 11.2.1.3-3. Superconducting cable parameters.

Item Units Value

Mechanical

Number of wiresin cable 30

Cable mid-thickness mm 1.166+0.

Cable width mm 9.73+0.0

Cable keystone angle deg 1.2+0.1

Cable lay direction Left

Cable lay pitch mm 7415
Electrical

Cable minimum critical currentat5 T, 4.2 K A 9260

Cable maximum R (295 K) Q/m 0.00287

Cable minimum RRR 38

Several differences with respect to RHIC magnets are noted. The cable interstrand
resistance may differ from that in the Oxford-produced cable used in the RHIC
production magnets. This will change the field distortions due to eddy currents while the
magnets are ramped. In addition, the SSC wire to be used is “half hard” vs. “full hard”
used in RHIC. Coils made with this wire are expected to have less post-cure shrinkage
than experienced with the RHIC coils, so the coil lengths will be somewhat longer than in
RHIC. These differences are not expected to compromise magnet performance in any
significant way.

11.2.1.3.2 Dipole Beam Tube

The magnet includes a cold beam tube with dimensions given in Table 11.2.1.3-5. It
is centered inside the coils: horizontally with G-10 bumpers spaced axially at regular
intervals, vertically by the collars. The gap between tube and coil defines a helium buffer
space. The tube is seamless, 316 LN stainless steel and is wrappedpmithiKapton
with 66% overlay. This provides {Bn of insulation, which is tested for integrity to
ground at 5 kV. A beam tube liner will be installed into these magnets at CERN.
Therefore, the tubes do not require copper-plating on the inside surface.
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Table 11.2.1.3-5. Dipole beam tube parameters.

Item Units Value
Outside diameter mm  77.00 £ 0.38
Outside diameter inc. Kapton wrap mm 77.1
Wall thickness mm 1.96+0.18
Inner diameter, nominal mm 73
Weight, nominal kg 38
Beam tube-coil radial gap mm 15

11.2.1.3.3 Dipole Coil

The superconducting coil is assembled from two half-coils that are wound on
automated machinery and then formed into a specified size in a precision molding
operation. It consists of a single layer of 32 turns per half-coil arranged in four blocks
with intervening, symmetric copper wedges; the sizes and positions of the wedges and
pole spacers give field harmonics that are small (Section 11.2.1.3.12). The four current
blocks per half-coil design is identified as 9B84A. The cable is insulated with 2 double
layers of the polyimide film Kapton CI. The first double layer has polyimide adhesive on
the outer side of the film; the second has it on both sides. This all-polyimide insulating
system requires a brief exposure to a temperature df1d set; an appropriate curing
cycle was developed and extensively used in the RHIC program with excellent results.
The coil ends have been designed to simplify construction and to reduce harmonic
content. The number of spacer parts, machined from Ultem, in the two ends of each half-
coil totals 27: 17 turn spacers, 2 end saddles, and 8 wedge tips. The coil design
parameters are given in Table 11.2.1.3-9 and -11.2.1.3-4.

The coil length given is that of RHIC production coils. As mentioned earlier, the
superconductor wire in those coils was “full-hard”, whereas the SSC surplus wire to be
used in these coils is “half hard”. This means that it was annealed after wire draw-down.
Coils have a tendency to shrink and develop considerable tension during the curing
process, so that they become shorter upon removal from the curing mandrel. This is due
to tension in the superconducting filaments within the wire, which is developed during
wire manufacturing in the draw-down steps, and which is released as the copper anneals
during curing. Those that have been made with annealed wire demonstrate less
shortening, so the length of these coils for the LHC magnets in expected to be somewhat
longer (several millimeters) than given in Table 11.2.1.3-5.

167



- DRAFT -

Table11.2.1.3-9. Dipole coil design parameters.

Item Units Value

Inner diameter mm 80
Outer diameter mm 100
Length, overall m 9.646
Length, coil straight section m 9.266
Cable length per half-coil m 610
Cable mass per half-coil, bare kg 50
Cable mid-thickness with insulation, under compression mm  1.352
Dielectric strength: current to ground @ 5 kV HA <200
Cail-coallar insulating Kapton thickness, inc. quench resistor mm  0.64
Midplane Kapton thickness mm  0.10
Cable wrap material thickness, Kapton ClI pm 25
Pole angle deg 73.18
Number of turns per half-coil

1% block (pole)

2" block 8

3" block 11

4" block (midplane) 9

Table11.2.1.3-7. Coil wedge parameters.

Wedge Angle, deg  Inner edge thickness, mm  Radial width, mm

1 (pole) 16.68 7.12 9.70
2 9.83 3.09 9.70
3 (midplane) 8.10 0.39 9.65

11.2.1.34 Collars

In the 2-in-1 magnets, collars apply mechanical prestress to the coil and separate the
coil from the steel yoke, resulting in reduced saturation effects at high field. In addition,
they key the coil to the yoke laminations so that precise alignment of the magnetic field
can be set and maintained. The collars are punched from high-manganese stainless stedl.
This material was used with good results in the SSC program and features high strength,
low permeability, and alow thermal coefficient of expansion well matched to that of the
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iron yoke. The collars are placed around the coil in packs that are ~150 mm long. Sheets
of insulating Kapton and quench protection heaters are first placed around the coil, and
mid-plane caps of Kapton between coil halves. A press (existing) compresses the collars
around the coil. They are held together with phosphor-bronze keys inserted in keyways
in the outer surface. The nominal design preload in the coil is 69 MPa at room
temperature. Thisreducesto no lessthan 33 MPa at cryogenic temperature.

Finite element calculations [63] using ANSY S have established the collar width (the
width of the material on the midplane) of 20 mm in the straight section of the magnet.
With acoil compression of 84 MPa, the vertical elongation of the collared coil radiusis
75 um, an acceptable value that allows straightforward assembly of the yoke around the
collared coil. The Lorentz force at full field resultsin collar deflections outward in the
horizontal direction. After 50-100 pum of radial movement (depending on the actual
clearance, nominally line-to-line, between collared coil and yoke inner diameter), the
yoke restrains the collared coil and further motion is not possible. Small elastic motions
such as these are acceptable and do not compromise quench performance.

In the lead end of the magnet, it is necessary to bring the lead from the pole turn of
the cail to the outside over the top of the coil. Thisisdone with a spacer incorporating a
path for the cable to follow. Enlarged collars are designed to fit over this spacer. To
avoid potentially inadequate support of the coil at the pole in the critical end turn-around,
the collars’ width is increased from 20 mm to 25 mm. This design results in an enlarged
cutout in the yoke, which also has the desired effect of reducing the peak field in the
ends. The same yoke cutout is implemented at the return end to maintain symmetry
between the ends of the magnet and to reduce the peak field there as well.

9766.8

-~ 28092 |

4 28092 . 00 9165 0000 . 186.69

LEAD END CENTER PACKS NON-LEAD END
PACKS (4) (120) PACKS (2)

Fig. 11.2.1.3-3. A longitudinal section through one of the apertures of the 2-in-1 magnet. The two
sets of dashed lines near the center indicate the coil, which has an ID of 80 mm and an OD of
101.6 mm. The collars, shown unshaded around the coil, have ODs of 141.6 mm and 173.7 mm
in the center and in the lead end respectively. The end plates, which are round and have a
machined shoulder to accept the oval yoke/shell cross section, are shown as they appear at the
center of the magnet, not at the coil position.
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With awidth of 25 mm, the radial vertical distortion of the end collar is 150 um
under a collaring load of 84 MPa[64] , still an acceptable amount to assemble the
collared coil into the yoke. For most of the end, the modulus of the coil isinsufficient to
maintain so high a compressive load, so the 150 um distortion occurs over only a short
section of the coil near the pole turn-around.

Fig. 11.2.1.3-3 shows adrawing of the radial construction of the magnet along its
length including itstwo ends. A view of a half-coil including the design for the exit of
the lead from the coil pole turn to the outside isshownin Fig. 11.2.1.3-4. Theturnisfirst
deflected to the center of the pole, then is ramped up to clear the end turns as it exits the
magnets. Partsthat fit the geometry and that can be compressed by the collars are used to
ensure that the large Lorentz forces exerted on thislead are well constrained. The
geometry is difficult because the locations of all parts move as the collars are squeezed
onto the cail, yet the parts must fit with good precision in the assembled magnet if the
conductor is to be free of Lorentz motion.

Fig. 11.2.1.3-4. A half-coil showing the leads entering and exiting the coil. The parts
guiding the lead from the pole turn to the outside of the coil are especially critical for
good performance.

11.2.1.35 Dipole Yoke and Helium Containment

The yoke is optimized to minimize the current dependence of multipoles at high
fields. To reduce cross-talk induced harmonics (such as a normal quadrupole term in the
dipole), the yoke is made wide enough to contain the flux lines at the maximum design
field. Since moreironisrequired at the midplane, the oblate shapeis adopted. Thisis
done by vertically offsetting the center-of-curvature of the half-yoke from the magnet
center. The horizontal size is determined by the goal of reducing the crosstalk at the
maximum design field for magnets having the maximum aperture separation.
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The vertical sizeis made equal to the LHC dipole yoke outer diameter so that some
of its cryostat’s hardware can be used. In the present design the yoke outer diameter is
670 mm and, after offsetting the center-of-curvature, the two half-yoke centers, above
and below the midplane, are separated by 120 mm. This matches the vertical size of
LHC dipoles, which have an outer diameter of 550 mm.

The high field current dependence due to iron saturation is minimized by optimizing
the size and location of the saturation control holes or cutouts. In the optimized solution,
the computed change in the saturation-induced harmonics (allowed and non-allowed) is
within one unit (@ 25 mm radius) in all the dipoles. The saturation is controlled by four,
15 mm radius holes symmetrically located at a radius of 100 mm from the center of each
aperture. The optimized angular location depends on the separation between the two
apertures and is respectively’288, 3¢, 31° in the first quadrant of dipoles D3a, D3b,

D4a and D4b.

The yoke laminations are punched from 1.5 mm thickness, low-carbon steel sheet.
The specified rms tolerance for the magnetic field integrated over the length of the
dipoles requires that the weight of steel in the yoke be controlled to within 0.07%; to
achieve this, the laminations that make up the yoke are weighed and adjusted to this
tolerance.

For assembly, the bottom yoke laminations are set up on rails to provide alignment,
the two collared coils are placed into the laminations, and the top yoke laminations are
placed over the assembly. Stainless steel shells, 9.5 mm thick (designed to meet pressure
vessel code), are positioned around the yoke while the yoke is supported through holes in
the bottom shell. This support fixture maintains alignment in the subsequent welding
operations. The shells are welded along the horizontal midplane to stainless steel weld-
backing strips fabricated to the required shape (written assembly procedures give the
actual sequence of steps required). This welding operation closes the structure and forms
a high-pressure (2.1 MPa) helium containment vessel. The shrinkage of the weld
compresses the steel yoke and ensures that any residual gap on the yoke midplane is
closed. Further compression is provided at operating temperature due to the differential
contraction of the stainless steel shell relative to the steel yoke.

Following the longitudinal welding of the shell, round end plates with a machined,
oval shoulder are welded to the shell at each end of the magnet. Set screws that press
shaped, stainless steel bars against the ends of the colil are installed in the end plates.
They serve to restrain the axial Lorentz forces. The magnitude of these forces determines
the thickness of the end plates; the goal, as specified for the RHIC magnets, is typically to
prevent deflections in the plate of more than 0.25 mm.

Additional operations on the cold mass include the welding of closure plates over the
alignment holes in the shell and the attachment of cradles to support the cold mass on
posts in the cryostat. After completion of electrical interconnect work at the ends of the
magnets, round end bells including bellows are welded to the end plates to close the
helium volume and to make the transition to the neighboring magnet or cryo-module.

Some yoke design parameters are listed in Table 11.2.1.3-8. For comparison, the
RHIC dipole parameters (operating field is 3.4 T) are also listed.
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Table11.2.1.3-8. Dipole yoke and yoke containment design parameters.

Item Units Value
1-in-1  2-in-1
Aperture for collared coil mm 1194 1416
Y oke horizontal size mm 266.7 657
Y oke vertical size mm  266.7 550
Lamination length m 9.64 9.64
Length inc. end plates m 9.73 9.78
Weight of steel kg 2,757 16,700
Shell, wall thickness mm 4.9 9.5
Shell, weight kg 306 1340
End plate, thickness mm 31.8 57.2
End plate, weight kg 18 90
Cold mass weight kg 3,607 19,200

11.2.1.3.6 Electrical Connections and Quench Protection

The bus conductor for each magnet and its neighborsis placed inside an insulating
conduit that is then installed as a compl eted package into the bus slots at the bottom of
the yoke. The electrical connections between bus conductors and magnet leads are at the
ends of the magnets, within the volume contained by the stainless steel helium
containment vessel and end bellows. The end volume also contains the thermal
expansion joints for the bus conductors. The magnet buses are expected to follow the
CERN designs when they become available but the expansion |oops and interconnects
will follow BNL designs as developed for RHIC. No magnet warm-up heatersto
accelerate the occasional warm-up of the cold mass are planned; warm gas only is used
for warm-up in the LHC. Quench protection heaters are installed between the collars and
coilsfor the full length of the magnet at the time of coil assembly for collaring. The
basic heater design was developed and extensively tested by BNL in the SSC program.

In operation, the magnets in each half IR will be connected in series and the quench
protection system will, when triggered, fire the heatersin al the magnets (8 apertures).

Until measurements are made on a prototype magnet, it is not possible to predict
exactly the temperature that will be reached in a coil during aquench. The active quench
protection system being planned for these dipoles will result in much lower peak quench
temperatures than is the case in the similar RHIC dipoles, which are protected with
diodes only, even though the conductor in these magnets will contain less copper. Inthe
RHIC program, measurements were made of [1°dt (10° A% sec or MIITS) versus
temperature for apreliminary version of aRHIC dipole. This enabled calibration of a
model used for predicting the quench marginsin the final version of the RHIC dipole.
Final estimates of worst case [I°dt valuesin RHIC magnets for conductor with a copper-
to-superconductor ratio (Cu:SC) of 2.25:1 and a single quench protection diode for each
magnet gave avalue of about 12.4 MIITS, compared with an estimated cable damage
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level of 13.8 MIITS. This convertsto atemperature margin of about 250 K before the
damage temperature of 835 K isreached.

1.2.1.3.7 Dipole Cryostats

The cryostats for D3 and D4 will be the same as those for the main LHC dipoles
[65] wherever possible. The lengths will be different (shorter), the support points for the
cold mass will be adjusted, and the support cradles will be designed to accommodate the
2-in-1 yoke, but the diameter of the vacuum tank, the support posts [66], and the heat
shield support extrusions will be the same. A drawing of a 2-in-1 magnet in its cryostat is
shown in Fig. 11.2.1.2-5.

11.2.1.3.8 Magnet Cooling

The RF Region dipoles will operate in liquid helium at 4.5 K. Schematic drawings
of apart of the cryogenic system for supplying helium is shown in Fig. 11.2.1.3-6.
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Fig. 11.2.1.3-6. Schematic drawings of the cryogenic system to furnish liquid helium for
the IR4 magnets. In this region, the tunnel slopes downward to the right and the helium
must be brought in at the high elevation end of the magnet string.
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There are anumber of design features that must be observed in a system of this type,
including the following:

» Connect the cryo loop to the distribution system at the high elevation end.
* Usethe4.6 K lineto transfer liquid helium to the low elevation end.

* Allow helium vapor to return to the high elevation end through the helium
containment of the magnet, mostly through the two upper helium passages.

* Usethelower bus openingsin the magnet for the superconducting bus.
* Make provision to vent each magnet in order to avoid trapped vapor.

* Introduce asmall heat exchanger in the end volume of the first magnet of the cryo
loop.

* Usealevel gaugein the end volume to control helium flow and keep magnet coil
and busin the liquid region.

» Keep the C’-C’ line, the E line, the cooldown lines and relief valves the same as
the 1.8 K cooling in the regular LHC arc magnets.

11.2.1.3.9 Transfer Function, Quench Field, Inductance, and Stored Energy
A plot of the expected field vs. current in the dipole magnets is shown in
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Fig. 11.2.1.3-8. The calculation is for the magnet D3b, though the transfer function is
expected to be the same for the other magnets. This calculation will be refined when the

175



- DRAFT -

exact configuration of the cutouts in the yoke isfinalized. The calculationisfor a
temperature of 4.3 K and cable with a copper to superconductor ratio of 1.8. Thefieldis
2537 T at 4 kA (0.634 T/kA). The quench field isexpected to be 4.96 T at a current of
8014 A, assuming conductor with a short sample limit of 2750 A/mm?at 5T, 4.2 K. The
current density in the copper at the quench point is 1261 A/mm?. The inductance of each
apertureis 28 mH and the stored energy in each aperture at 3.8 T is 387 kJ.
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Fig. 11.2.1.3-8. Transfer function for dipole magnet D3b.

11.2.1.3.10 Magnetic Field Quality - M easurements

Warm magnetic measurements to determine field multipoles will be made when
magnet construction has been completed, including al welding and installation into the
cryostat. Thiswill alow detection of errorsin magnet construction that may not have
been detected in the earlier construction testing. Except for small systematic offsetsin
the lower allowed multipoles, warm field measurements have been shown to be closely
related to the field multipoles measured when the magnet is cold. The datawill be
examined for conformance to expected field quality. Thisincludesthe dipole field angle
orientation, the integral of the magnet’s dipole field, the multipole content of the field,
and the variations of the field parameters along the length of the magnet. Just asfor the
RHIC dipoles, it is anticipated that all magnets properly built to print will easily pass the
field quality test, and that only a magnet with construction deficiencies will fail to pass
the test. Following the warm tests, cold testing will be done on each magnet in
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Brookhaven’s Horizontal Test Facility to check quench performance and to verify field
guality. As in the case of RHIC magnets, on which the design of these dipoles is based, a
reference radius of 25 mm is used for all harmonics measurements.

The MOLE measuring system [67] developed at BNL and used for RHIC field
measurements will be used for the LHC magnets. Integral fields will be measured with
the stationary integral coil system [68] used for RHIC magnets.

1.2.1.3.11  Magnetic Field Quality — Measurement Errors

The extensive measuring program carried out for RHIC magnets has given data that
can be analyzed for systematic and random measurement errors. Such an analysis has
been carried out, including also an analysis of errorsin the and calibration of the
measuring coils. The analysis has been summarized in a series of tables and plots [69].
Table11.2.1.3-10 is excerpted from the report. These errors apply to the measurement
system used for the RHIC measurements, which will be used for these magnets, and will
be different for other measuring systems. They are, however, a good benchmark for the
accuracy that can be achieved in a carefully built and calibrated system.

Table11.2.1.3-10. Estimated measurement errors. d isthe maximum error due to measuring coil
construction/cdibration, given as a percent of the value of the harmonic. a(b,) and o(a,) arethe
random errorsin the measurements. A(b,) and A(a,) are the suggested values for the total
measurement errors for magnets with small harmonics asin the RHIC dipoles. Theseinclude
also some variations due to magnet changes after quench and/or thermal cycles as seenin the
RHIC magnets. They are obtained by rounding the sum of the effects upward and by specifying
minimum values for several of the harmonics. Note: sextupoleisn=3, ¢ and A in units (parts [
10" of the central field), reference radius=25 mm.

n 0,% o ), units A4 @), units o @), units A4 @&), units
2 0.48 0.061 0.10 0.043 0.50
3 0.78 0.033 0.50 0.015 0.05
4 1.08 0.012 0.05 0.010 0.10
5 1.38 0.004 0.10 0.005 0.02
6 1.68 0.003 0.02 0.004 0.05
7 1.98 0.002 0.02 0.002 0.02
8 2.28 0.001 0.02 0.002 0.02
9 2.59 0.001 0.02 0.001 0.02
10 2.89 0.001 0.02 0.001 0.02
11 3.19 0.001 0.05 0.001 0.02
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1.2.1.3.12 Magnetic Field Quality — Expected Values

The magnets are designed to have harmonics that are small. Thus, the geometric
multipoles (harmonics) are expected to be zero. At low fields, persistent currentsin the
superconductor will generate allowed multipoles such as sextupole (bs) and small
decapole (bs) componentst. These are shown in
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Fig. 11.2.1.3-10. At high fields, some harmonicswill be induced by the saturation of the
iron yoke, as shownin

1Table11.2.1.3-15 shows that b,, b, and by; are also generated by persistent currents with values
larger than b,
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Fig. 11.2.1.3-10. The measured dependence of the sextupole and the decapole harmonics
on field during up-ramp in the 80 mm aperture RHIC arc dipole DRG107. At low fields,
the value of the sextupole harmonic (bs) is dominated by the persistent currents.
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Fig. 11.2.1.3-12. The computed current dependence of the field harmonicsin the right
aperture of dipole D3a. The maximum design field in the magnetsin 3.8 T. bsisthe
normal sextupole component.

11.2.1.3.13  Magnetic Field Quality — Expected Errors

Field integral and field angle errorsin the 2-in-1 dipoles, based on RHIC magnets
[61, 62], aregivenin Table11.2.1.3-12.

Table11.2.1.3-13. Estimated errors on integral field and field angle.

[tem Value
Integral field, magnet-to-magnet variation, rms 5010
Single magnet, mean dipole angle, a +3 mrad

Single magnet, variation (twist) of dipole angle Aa frommean, rms 2 mrad

Mean angle between apertures, rms 2 mrad

The measured harmonics in the magnets may be non-zero due to design and
construction errors. The estimated integral values of field harmonics and their errors [70]
aregivenin Table1.2.1.3-14. The saturation-induced harmonicsin al magnets are
sufficiently small for B < Bpom (Bnom= 3.8 T) that they are included in the uncertainty in
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themean. This permits asingle table of expected harmonics. The estimated values of
persistent current-induced allowed harmonics around injection (~0.3 kA or ~0.2 T) are
given in parentheses.

Tablell.2.1.3-15. Estimated field errorsin the LHC RF Region dipoles. b, and a, arethe
expected means of the normal and skew terms due to geometry. &(b,) and d(a,) are the
combination of (i) the uncertainty in the mean and (ii) the saturation induced harmonics. o(b,)
and o(a,) are the expected random variations. The expected deviations from zero (givenin
parentheses) are the largest at injection and are due to persistent currents. Other values are given
for moderate to high fields. Note: sextupole is n=3, ref. radius = 25 mm.

n bn, units o), o ), ap, units o @), o @),
units units units units
2 0 0.5 0.4 0 0.5 1.6
3 0(-9) 2(4) 2(3) -1.1 0.2 0.2
4 0 0.2 0.1 0 0.2 0.5
5 0(0) 0.6(0.9) 0.6(0.7) 0.2 0.05 0.1
6 0 0.03 0.04 0 0.1 0.2
7 0.1(-0.4) 0.1(0.2)  0.1(0.15) -0.1 0.03 0.03
8 0 0.01 0.01 0 0.03 0.05
9 0.05(0.3)  0.03(0.1) 0.02 0.02 0.01 0.01
10 0 0.01 0.02 0.04 0.02 0.01
11 -0.5(-0.6)  0.02(0.1) 0.02 -0.01 0.01 0.01

It isanticipated that the field errors in the magnets (which are based on the already
excellent RHIC field quality) may be somewhat smaller than given here because the
replacement of RX630 phenolic spacers with punched stainless steel collars will result in
smaller dimensional variations. Nevertheless, techniques for adjusting the field
harmonics by small amounts have been developed in recent years[71]. Theseinclude
coil size adjustment during cure, adjustment of coil midplane and pole shims, and cail
wedge thickness adjustment. Changes can be made if field measurements on the first one
or several magnets indicate, through tracking studies, that such adjustment would be
appropriate. These techniques will be available for use on the magnets as needed.

The non-zero values of geometric ag, as, €tc. are primarily from the harmonicsin the
lead end, as measured in the RHIC arc dipoles. Inasinglelayer coil design such as used
in these dipoles, there are leads carrying the current into and out of the coil that cannot be
paired at every point. These leads, particularly the lead at the pole, produce alow level
of skew harmonicsin the lead end field. In addition, some normal allowed harmonics are
generated in the ends of asingle layer coil because it is not possible to completely
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bal ance the opposite multipoles generated by current turns near the midplane vs. current
turns near the pole in the end region of the magnet.

[1.2.1.3.14  Magnet Shipping

Once construction and testing of the magnetsis complete, they will be shipped to
CERN for installation into the LHC. To prepare them for transit, support posts and
restraining frames will be installed to protect the cold mass support posts from damage.
The magnets will be sealed and filled with dry nitrogen so that moisture cannot penetrate
the cryostat or cold mass. Each magnet will be mounted on a shock-absorbing frame and
then placed into a standard 40-foot-long shipping container. This container will be
transported by truck to a shipping terminal, then by ocean freight to aterminal in Europe,
then by truck to CERN. The frames will be returned to the US for reuse. The production
rate is low enough that only two such frames are necessary for this program.

11.2.1.3.15 Installation at CERN

CERN personnel will install the magnetsinto the LHC lattice. They must be placed
on stands supplied by CERN, and surveyed into place. The beam tube liner must be
installed, internal wiring and plumbing connections must be made, the several volumes
welded shut, and various leak checks and pressure checks carried out. CERN test
apparatus will be required to verify that the magnets have survived the trip and are
behaving up to specification. At this stage, the magnets become the responsibility of
CERN as that laboratory brings the LHC into operation.

11.2.1.4 R&D Program

Because the superconducting coils planned for these magnets are the same as those
used in the RHIC dipole magnets, the required R& D program is reduced in scope from
that normally required to develop a new design of superconducting magnet. Two short 2-
in-1 models, each ~ 3 m long, will be built and tested in vertical dewars, with the
following goals:

1. Qualify tooling and construction techniques.
2. Confirm the proper fit of all mechanical components.

3. Monitor the coil prestress at room temperature and at cryogenic temperature using
strain gauges.

4. Check quench performance and field margin.

5. Measure magnetic field for possible iteration of coil design to achieve the desired
field uniformity.
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6. Check performance of quench protection heaters.

7. Measure temperature rise in coil for quenches at various current levels using a system
of voltage taps and spot heaters.

[1.2.1.5 Production Plan and Schedule

Magnet production will take place at BNL in the buildings and facilities currently
being used for RHIC magnet production, which is scheduled to end in 1998. These
facilities will be reconfigured to build spare RHIC magnets as required, and the LHC
magnet production will share the space and manpower assigned to that work. The LHC
production has been planned as late as possible to meet CERN schedules. This was done
to flatten the spending profile in the US accelerator program. The work could be moved
earlier, and accelerated, if funding were to become available sooner. The schedule for
RF dipole production is shown in Figure 11.2.1.5-1.

Schiedule for R Dpole M3agnels
Fr1937 | Fr1998 | Fr1939 | Frao0o0 | Fr20m | Frao02 | Fr2003 | Freood
IFEEIE] EIFEEE FIFEIE BIFEEE BIFEE BFEEE RFEE BFEER

1.2.1. RF Region Dipoles
Engineering and design
Tooling —_— I
M anufacture superconducting cable
Prototypes: D34 - 2 ea
Purchasze material e—
t anufacture
Test

Deliverables
Purchasze material —_—
D34 - Jea *

03B -3 ea *

D44 -3 ea. *
D4B -3 ea. *
Deliveries 1z 2z z2lz] 21

Fig. 11.2.1.5-2. Schedule for building the RF dipoles, including the prototype R&D
program. The starsin FY 2004 represent the planned installation date into the LHC
lattice.
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[1.3 Superconducting Wire and Cable

[1.3.1 Superconducting Wire and Cable Testing.

[1.3.1.1 Overview

This chapter deals with the testing and evaluation of the superconducting cables and wires
that are used in the main LHC dipoles and quadrupoles. It is expected that for the entire duration
of the superconductor cable procurement by CERN for the LHC project, BNL will provide the
resources to verify the superconducting properties of the cables. Collaboration in this area began
in 1995 and is scheduled to be completed in the calendar year 2004.

During this period the cable test facility at BNL will be used to measure the critical current,
Ic,of LHC dipole and quadrupol e cable samples in accordance with the cable specification
requirements. The standard tests on production cables will be at 4.2K. However, approximately
10% of the cable samples will be tested in superfluid helium at 1.9K to determine the
consistency of the AH shift of the Ic-H curve from 4.2K to 1.9K. In addition, critical currents of
an equivalent number of wire samples will be conducted at 4.2K in the field range of 6-8T.

It is anticipated that the production phase of the conductor procurement will commence
during calendar year 1999. Pre-selection of the strand and cable manufacturers aswell as R&D
on conductor will continue through 1998.

Table11.3.1.1-1 lists the main characteristics of the LHC dipole Cables 1 and 2.1 Note that
some of the values in this table are modified from previous specifications.

1 Conductor specification LHC-MMS/97-152 and LHC-MMS/97-153 (July’97)
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Table11.3.1.1-1. Characteristics of LHC dipole Cables 1 and 2.

Cablel Cable 2
-0.02 -0.02
Cable Width 15.1 mm 151 mm
+0 +0
Cable mid-thickness at 50 MPa 1.90 £ 0.006mm 1.48 + 0.006mm|
Keystone angle 1.25 + 0.05 degrees 0.90 + 0.05 degrees
Cable thin edge thickness 1.736 £ 0.006mm 1.362 £ 0.006mm
Cable thick edge thickness 2.064 + 0.006mm 1.598 £+ 0.006mMm
Cable edge radius >0.30mm >0.30mm
Cable transposition pitch 115 £ 5mm 100 £ 5mm
Number of superconducting strands 28 36
Minimum critical current at 1.9 K, with
afield normal to broad face. 13750 Aat 10 T 12960A at 9 T
Minimum critical current at 4.222 K, withh 14140 Aat7 T 13236 Aat6 T
a field normal to broad face
Minimum critical current at 1.9K of
extracted strand 491 A at 10T 360Aat9T
Residual resistance ratio =70 =70
Cable transposition direction left-handed screwleft-handed screw
thread thread

Minimum unit length * 460m 750m

*The minimum unit length is defined as the minimum continuous length of cable without a
cold weld in any of the strands. This is determined by the cable length required to wind an inner
or outer dipole coil.

In the near term, testing at BNL will include the following:

a). critical current measurements of cable and strand samples at 4.2 K to monitor pre-
selection manufacture of LHC inner and outer cables as and when required by CERN.

b). R & D work on stability tests of LHC prototype cables and strands selected by CERN.
Prior to ‘97 such measurements have been done at 4.2 K for the cables. More recently these tests
have also been made in atmospheric pressure 1.9 K superfluid helium. Strand stability
measurements are being made at 4.2 and 1.9 K to study the effect of strand coatings and other
variations in conductor parameters.
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11.3.1.2 Scope of work

Electrical tests of cable samples during the production of cables needs to be done in atimely
manner for early detection of problems during cable manufacture. Hence the schedule of tests as
well as the frequency of these tests are set by the the production timetable. Experience in such
testing was gained during cable fabrication for the HERA dipole magnets at DESY [72] and
more recently during the cable manufacture for RHIC dipoles[73]. However, for LHC the
number of such testsis an order of magnitude greater than either of the previous projects and
hence requires significant upgrade to the existing test facility as described in the subsequent
sections.

1.3.1.2.1 Schedule of Testing

Cable production for the ‘pre-series’ dipole magnets is scheduled to begin in ‘99, with the
bulk of the manufacture to take place during the years 2000 to ‘04. The schedule for testing has
been based on the preliminary production schédiewn in Table 11.3.1.2-1. The number of
cable samples has been calculated on the basis of one test per cabling run, where one cabling run
has 4 unit lengths of conductor. Hence one cable test will represent either 1840m of Cable 1 or
3120m of Cable 2. Table 11.3.1.2-1 shows the expected number of cable samples to be tested in a
given year. All of these will be tested at 4.2 K, and ~ 10% will also be tested at 1.9 K.

11.3.1.2.2 Frequency of Testing.

Using the schedule of cable production, Table 11.3.1.2-3 enumerates the number of tests that
are to be performed in a particular year and the total number of tests to be performed. If the
number of tests actually required exceeds the totals shown in Table 11.3.1.2-3, CERN has agreed
that they will perform the additional tests in their facilities.

For cables, the highest frequency of testing will be in the latter part of the production, with
the number of tests exceeding 800 per year. To meet this frequency of tests, it would require that
the tests be conducted at the rate of 16-20 per week. Since typically, 4 samples are tested in one
cooldown, cable tests have to be conducted almost daily for a period of four years. This
necessitates the use afnanimum of two dewar systems equipped with similar dipole magnets,
such that they can be alternately warmed-up and cooled down to meet the testing schedule. Three
test stations are now planned to meet the LHC test schedule at its peak testing rate.

4 Based on schedule that was given by D.Leroy 5-15-97
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Table11.3.1.2-1. Cable testing schedule.

Dates Quantities of Cables Measurements

Cablel Cable2 Cablel Cable2 Total

km km # samples # samples # samples
FY 1999 45 75 100 100 200
FY 2000 184 380 100 129 229
FY 2001 404 822 220 278 498
FY 2002 585 1223 318 418 736
FY 2003 585 1223 318 418 736
FY 2004 585 992 318 318 636
Total 2388 4715 1374 1661 3035
100% tested at 4.2K 3035 Unit Test
10% cables tested at 1.9K 304 Unit Test

Strand electrical testing will be handled by one dewar system ,where either eight Cablel or
four Cable 2 strands are tested in a single day. In these tests the solenoid magnet is kept cold

during changing of sample holders.

Magnetization tests for avery limited set of strands will be conducted using the SQUID
magnetometer which is available at the Metallurgy Department at BNL.

Table11.3.1.2-3. Y early schedule of superconducting wire and cable testing.

Superconductor Testing Total |FY97 |FY98 |[FY99 |FY00 |FYO1l |FY02 |FY03|FY04
A): Wire Tests

Number 3900 | 300 | 300 | 300 | 600 [600 |600 |600 |600
B): Cable Tests

Number @ 4.2K 3435 | 100 | 300 [ 200 | 229 | 498 | 736 | 736 | 636

Number @ 1.9K 304 20 23| 50 | 73 74 64
C): Strand Magnetization

Number 300 | 30 | 30 | 40 | 40 | 40 | 40 40 | 40
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11.3.1.3 Facility Upgrade

The requirements for testing LHC cables are quite different from any earlier conductorsin
several respects. a) need for 1.9 K, one atmosphere superfluid helium test, b) requirement of
sample current capability in the range of 15-20 kA, c) ability to sustain a high testing rate for
several years. With this in mind several improvements to the test facility were initiated in FY‘96
namely 1) construction of a 1.9 K cryostat system with a lambda-plate, 2) fabrication of a special
sample holder for testing cables at 1.9 K with 20 kA capability, and, 3) data acquisition of the V-
| curve under current ramp condition. These have since been completed and are in operation. The
other upgrades that are in execution or planned are the following : 1) additional dipole test
magnets and test cryostats, 2) re-configuration of existing power supplies to deliver 25 kA for the
sample current, and 8 kA for the magnet, and the associated bus-work to switch to the three
cryostats systems, 3) cryogenic and controls upgrade to (a) facilitate the use of two separate
helium refrigerators to fill the existing storage dewars that service the test cryostats, such that
either refrigerator can be used to supply helium when the other is off-line due to maintenance or
mechanical problems and (b) to semi-automate certain cryogenic operations like warm-up and
cooldown of the test cryostats and cryogenic distribution among the cryostats, and ¢) improve
controls and systems for power supply operation, safety protocol, and data acquisition .

11.3.1.3.1 1.9 K superfluid operation

As part of a collaboration between CERN and BNL, a test facility was established at BNL to
evaluate superconducting cables at 1.9 K and atmospheric pressure for the LHC. This facility
was constructed using some existing components modified for operation at 1.9 K and some
components supplied by CERN based on the designs incorporated in the low temperature test
facilities in operation at CERN.
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Fig. 11.3.1.3-1. Vertica cryostat: (1) Liquid injection leads, (2) Sample holder, (3) Sample holder
G-10 plug, (4) Conductor samples, (5) Fill line, (6) Pump line, (7) Upper counterflow heat
exchanger, (8) J T vave and lower heat exchanger, (9) Test magnet, (10) 10K shield, (11) Vacuum
vessdl, (12) Lambda plate.

The conductor test facility has several major components. 1) a helium cryostat modified to
be capable of operation over arange of temperatures, 2) alarge pump station, 3) a
superconducting magnet in whose bore superconducting cable samples are positioned, 4)
conductor sample holders, 5) power supplies for the magnet and the conductor samples and 6)
instrumentation for the cryostat and superconducting magnet.
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An existing helium cryostat, shown in Fig. 11.3.1.3-1, was modified by the addition of aring
to support a 6.35 cm thick G-10 Lambda plate which separates the 1.9 K volume in the cryostat
from the 4.5 K volume above it. A copper thermal shield supported by aring welded to the
helium vessel above the Lambda plate encloses the low temperature volume below the plate and
about half of the volume aboveit. The average temperature of the shield is calculated to be
about 10 K. Superinsulation is placed between the helium vessel and the shield and between the
shield and the vacuum vessel. The heat load on the 1.9 K helium volume is estimated to be less
than 10 watts.

Heliumis supplied to the cryostat from two 3780 liter storage dewars connected to a170
liter/br (700W) liquifier/refrigerator. Since there is some interest in pumping the entire helium
volume to below atmospheric pressure for some tests, the power leads for both the test magnet and
the conductor samples, which are placed inside the bore of the magnet, are cooled by injecting
helium from the supply transfer line directly into the bottom of the leads. The lead flows are
manually controlled at thistime but are being programmed to respond to current changesin the
several leads.

The pump system is atwo stage system assembled by Nash-Kinema, Inc. Thefirst stageisa
plugged rotor booster driven by a 74.6 kW (100 HP) three phase motor. The second stageisa
NASH liquid ring pump, also driven by a 74.6 kW motor. Control of the suction pressureis
achieved by the use of abypass valve to control spoiling of theinlet gas flow. All active
components are under computer control using a GE Programmable Logic Controller. The PLC
actively controls the inlet pressure and monitors operating parameters critical to the functioning
of the system. Should any operating parameters fall outside normal limits, the systemis
shutdown to minimize damage to any component.

Once the helium level is established in the cryostat, these pumps are turned on, which pump
on the helium in athree cylinder heat exchanger, supplied by CERN, mounted just below the
Lambda plate as shown in Fig. 11.3.1.3-1. Liquid helium drawn through a small tube from just
above the Lambda plate passes through a vacuum insulated heat exchanger above the plate where
it is cooled by exchanging with the helium being pumped. The helium then passes through a J-T
valveinto the lower heat exchanger, and back through the upper heat exchanger to the pumps
and recovery. Details of the 1.8 K cryogenic operations can be found in Ref. [74].
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Fig. 11.3.1.3-2. Present Power Supply configuration.

11.3.1.3.2 Power Supply Re-configuration

The current power supply system to the cable test cryostat consists of two Rapid Electric Co.
air-cooled supplies. The supplies are SCR controlled and each is capable of producing 15 kA DC
at 24 volts. One power supply delivers current to the magnet (PS2) and the other (PSL1), to the
conductor samples. The magnet power supply has been derated and operates at only 6 kA, while
the supply for the cable samples is capable of supplying its full rated current of 15 kKA.

To increase the cable current to 25kA, the two 15kA supplies are being configured to be
energized in parald. The test magnets which only require a maximum current of 5kA will be fed
from another 8 kA 12V supply. A PC-based control and monitoring system is being
implemented to match the needs of the test sequence.

11.3.1.3.3 Dipole Magnet and Test Cryostats

The cable samples are measured in the central field of a 4-layer dipole magnet, which has
been in use since 1989. The magnet has a clear bore of 75 mm and an effective magnetic field
length of 76 cm of which 61 cm isuniformto 0.1 % longitudinally along the axis. It is capable
of generating a magnetic field intensity of 7.5 T with acurrent of 3400 A at 4.5 K and 10 T with
acurrent of 4900 A at 1.9 K. Theiron yokes were adapted from parts originally made for the
CBA project at BNL and uses cable identical to the inner and outer cables of the SSC 4 cm
magnets. A thermally activated superconducting switch is installed across the magnet so that it
can be operated in the persistent mode. Details of the construction can be found in Ref. [75].
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Although this magnet reached the design field of 7.8 T at 4.5 K, it has shown considerable
training at 1.9 K. The highest field reached so far has been ~ 9.0 T, however on aroutine basis
thefieldisset at 8.7 T for cable measurements.

Although two cryostats are a minimum requirement, it is prudent to have athird identical
system to offset additional testing demands as well as serving as a back-up system. For these
additional test cryostats that are required for production cable testing, two magnets similar in
design to the existing dipole are being constructed. Since the old SSC 4cm cables are not readily
available, the two inner coils of the new magnets are being fabricated using SSC 5cm inner
cables which are available from SSC surplus inventory. For the outer two layers, RHIC dipole
cables are being used. These are geometrically similar to the old SSC 4cm outer cable, except
that RHIC conductors have a higher Cu/Sc ratio of 2.25 as compared to 1.8. Because the old coil
fabrication tooling is being used with the present cables which are wider than the old SSC 4cm
cables, the clear bore of these new magnets will be 68 mm. Sample holders are being modified to
fit inside this reduced aperture. The additional test cryostats are being designed to operate only in
~ 4.3 K pool-boiling Helium 1.

11.3.1.34 Cryogenic and Systems Control Upgrade

The upgrade of the cryogenic system to support the LHC conductor test program includes
the installation of helium transfer lines together with awet expander and J-T valvein paralel to
liquefy helium from a second refrigerator/liquifier into the existing storage dewars. The system
operates with either the wet expander or the J-T valve on-line. This upgrade helpsto ensure
continuity in the production of liquid helium by having one of the liquifiersin operation while
the other liquifier serves as a back-up machine to be used when the operating liquifier is shut
down for maintenance or repairs. Each of the two liquifiers has sufficient liquefaction capacity
to support the LHC conductor test program on its own.

The upgrade of the cryogenic system will also include modifications and additions to the
transfer lines such that each of the two storage dewars may be filled by either of the two
liquifiers and each of the three test cryostats may be filled from either of the two storage dewars.

Additional valves and controls will be added to semi-automate several of the sequential
operations associated with the use of the vertical test cryostats and to control simultaneously
different operation in each of the three cryostats. These operations would include, for example,
theinitial pump and purge of the cryostats after installation of conductor samples, cooldown of
the cryostat either by initial heat exchange of helium gas with liquid nitrogen followed by a
continuing cooldown and fill with liquid helium or by direct cooldown and fill with liquid
helium, maintenance of the liquid helium level in the cryostat during conductor tests, control of
the helium flow to cool power leads, venting of the helium to another test cryostat or to gas
recovery when tests are completed, and warmups of the cryostat.
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[1.3.1.4 Strand Test Procedure
11.3.1.4.1 Wire Critical Current Deter mination

11.3.1.4.1.1 General Outline: Definition of Critical Current

The V-I curveis determined as afunction of increasing current until an irreversible
transition or quench occurs. This measurement is normally carried out in the specified external
field (6 T - 8 T) applied normal to the wire axis, and in atemperature bath of liquid helium at 4.2
K. No correction is made for self-field effects. For currents less than the quench current the V-I
curveisreversible. The critical current, I, is defined as that at which the resistance per unit
length, R, is:

R = 10" /(rd?/4), ohms/m

where d is the wire diameter in meters. The effective resistivity of the wireis 10 ohm - m
at the critical current.
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1.3.1.4.2 Sample Mounting

The sample wire is most conveniently mounted on a cylindrical grooved form which is made
of G-10, and which fitsinto a solenoid magnet. The monofilar arrangement, Fig. 11.3.1.4-1, is
used; thislendsitself to multiple sample mounting if desired. Voltage taps are arranged as
shown. Adeguate tension is used during the wire mounting in the groove to prevent wire motion
and hence training.

The V-I curve may be taken either point-by-point (current constant for each measurement)
or continuoudly if induced signals due to ramping are not too large or noisy. When the V-I curve
is determined by the latter procedure, care is taken to ensure that thereis no rate effect for the
ramp rate used. Typically, the current is supplied by a stable, well-filtered power supply. The
current is measured to a precision of + 0.5%. Electronic circuitry for quench protection is used to
protect the sample during a quench.

The Quality Index (n) is estimated using the equatienconstant x"I Data points
corresponding tp-values less than T ohm-m will usually be less accurate than those for
whichp is greater than this value. Above¥®hm-m resistive heating may cause the observed
voltage values to be too large. Hence, in fitting a straight line to the log-log plot of the data, the
region corresponding to 1< p < 10" ohm-m is emphasized.

11.3.1.4.21 Magnetic Field

The external field is applied by means of a 8 T superconducting solenoid. The field is
uniform over the sample reference length to + 0.5%. The direction between field and wire axis is
90 + 6° everywhere. This range of angles corresponds to an estimated variatioh<0.56%.

11.3.1.4.2.2 Bath Temperature Correction

The specification temperature is 4.22 K, that of boiling helium at standard atmospheric
pressure. The bath temperature is recorded with the aid of cryogenic thermometry with a
precision of £ 0.002K (2 mK). A "linear T" type of correction is applied for temperatures
different from 4.22 K:

lg= Te- 4.22
L T.-T
B |ﬂ.SQ
(B) = 924 - —
Te(®) é 1450

where T(B) is the transition temperature at the specified magnetic fields the current
measured at temperature T, apd lthe critical current at the specification temperature.

11.3.1.4.2.3 WireR(293) and RRR Determination

The same test set-up is used to measure the wire resistance at room temperature and at low
temperatures. The resistance per meter is determined at room temperature (293 K) and just
above the superconductor transition temperatue @5 K). These quantities are designated
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R(293) and R(10), respectively, and are measured with an accuracy of 0.5%. Theratio
R(293)/R(10) is defined to be the residual resistance ratio, RRR.

R(293) is determined chiefly by the copper matrix. For agiven wire diameter it provides a
measure of the copper-to-non-copper volume ratio. R(10) is determined chiefly by the residual
resistance of the copper matrix and R(293). Theratio RRR provides a measure of the electronic
purity of the copper matrix.

Currentsin therange 0.1 to 1.0 A for the R(293) determination and 1 to 10 A for the R(10)
determination are provided by awell regulated and filtered DC power supply. The current is
measured by means of a shunt of 0.25% accuracy thermometer of sensitivity 0.1°C is
conveniently used for this purpose as an uncertainty of 1°C is not accurate enough to determine
the copper-to-superconductor ratio to +0.01. Since the measurements are made at room
temperature the differences from 293 K necessitate a temperature correction. Designating the
observed resistance ag Bnd the ambient temperature 4€})( the resistance at the reference
temperature of 293 K is calculated as follows:

R(293) = R/[1 + 0.0039 (t - 20)]
The effect of the Nb-Ti is negligible for the purpose of this correction.

11.3.1.4.24 Cu/Sc Ratio Calculation

The copper: superconductor volume ratio (x) is calculated from R(293) and RRR by means
of the formula

1- R2B)A/ p,
R(293) A/ p,, - 1

where  R(293) = resistance of the strand at 293K in ohms/m

Pcu = resistivity of the copper at 295K, in ohm - m
= _RRR
(RRR - 1)
I = resistivity of pure copper at 293K
=1.682 x46hm - m
Ps = resistivity of Nb-Ti at 295K
= 60 x Ibohm - m
and A = wire cross section area if m

gu?/4 (d = wire diameter in m)
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[1.3.1.5 Cable Test Procedure
11.3.1.5.1 CableCritical Current Deter mination

11.3.1.5.1.1 Introduction

The sections which follow describe the test method used at BNL to determine transport
critical currents of meter long cable samples. The measurement of critical currents of order 10
A ismore difficult than the corresponding measurement for awire carrying several hundred
amps for anumber of reasons. Large power supplies are required and sensitive voltage
measurements must be made in the presence of much noise. Forces on the samples are large and
careisrequired to restrain mechanical motion. Finaly, self-field effects are large and must be
carefully corrected. This section describes the methods and procedures which have been
developed at BNL over anumber of years. These procedures have proven suitable for
production testing.

The critical current of acable, I, is somewhat less than the sum of the individual wire
values as there is invariably some degradation during the fabrication of the cable. Thisis
expressed as follows:

where Z |, = sum of the Ic’s of the wires in the cable. An allowance for degradation, in
modern practice, is D < 0.05 (=5%).

The critical current is a function of temperature, T, and magnetic field, B. Itis generally
necessary to convert (or "correct") short sample test results obtained at particular values of T and
B, to values corresponding to a standard temperature and field. The steps in this conversion are
as follows:

a) Obtain raw data for several applied fieldg:ciitical current at bath temperature,
T, and applied field, B

b) Calculate the peak field, B: the sum of the applied field and the self field, due to
the measurement current.

C) Convert | at field B to } , the value corresponding to reference temperatgte T
d) Plot | vs. B and calculate ht the reference field from a linear fit to the data.

The calculations used in the above steps are described in detail below.v3.h#g $hort
sample curve may be combined with the load line of the magnet to obtain a prediction of its
expected performance.

11.3.1.5.2 Definition of Critical Current

Accelerator magnet cables are designed to carry currents of 1-15 KA in fields of order 6-7 T,
at 4.2 K. The voltage drop under these conditions is not zero; typically it is a few microvolts per
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meter. The variation of voltage with current can be measured in arange corresponding to about
0.5 uV/mto 50 pVv/m. Smaller voltages are difficult to measure. At the high end, the V-I curve
is unstable and an irreversible quench occurs. For currents less than the quench current, the V-
curveisreversible. Thecritical current is aproperty of the reversible portion of the V-1 curve. It
is defined as that current for which

V/I = 10M/(NT?/4)

where V = voltage drop per m, | = current in amps N = no. of wiresin cabled = wire
diameter in m. The shape of the V-I curve is of the form V = constdft x(Note that n is
defined from the equatiom= constant x"). The quantity n is routinely measured as required by
the specifications. Large n-values are indicative of uniform filaments. The n-value is, therefore,
a useful diagnostic for monolithic conductors and individual wires, although less so for cables.
Usually low n-values is associated with conductor damage due to cabling. Itis sometimes
required that n exceed a specified value for some types of conductor.

The quench current is dependent on T and B in a somewhat similar way as the critical
current. Unlike the critical current, however, it is also dependent on several external factors:
insulation, ramp rate, mechanical security. These affect the characteristic feature of quench
current behavior, viz., training. This is the increase in quench current upon successive
applications of current until, except in pathological cases, a limiting or plateau value is reached.
This value is referred to ag ITemperature and field corrections are not generally madg for |
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Fig. 11.3.1.5-1. (8) Mechanical assembly of 2 pairs of cable. (b) Electrical Wiring Schematic. ()
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The number of training quenches is minimized in short sample testing by using bare cable
samples and by strong mechanical clamping as discussed below. |4 is generally greater than I,
and, asit provides a measure of the ultimate current carrying capability of the cable, itis
routinely recorded. If 1gislessthan Iy, the latter may be determined by extrapolation provided
there is enough of the V-1 curve to permit this. However, in this event |; is of academic interest
only asit cannot be attained in practice.

1.3.1.5.3 Sample Mounting

The samples are mounted in a compression fixture which isillustrated in Fig. 11.3.1.5-1.
The usual test arrangement involves four bare cable samples. Asthese are keystoned, (i.e., they
are trapezoidal in cross-section), careis taken to alternate thick and thin edges so that pairs of
conductors present parallel surfacesto the clamping faces. Asindicated in Fig. 11.3.1.5-1 there
are aseries of separators: 0.76 mm. thick G-10 strips which carry electrical instrumentation
described below, and 0.25 mm. thick Mylar strips which insulate adjacent samples of the upper
and lower cable pairs.

Compression is applied by tightening 9.53 mm (3/8 in.) bolts. These run along each side at
38 mmintervals. A torque of 53 N-m (240 inch-pounds) is used to tighten the bolts. This
produces a clamping pressure of 54+ 7 MPa for the 15 mm wide LHC cables at room
temperature. The pressure has been found to increase slightly at low temperature. With this
method training behavior is limited to a few quenches.

The sample compression fixture is supported together with the sample leads from a room
temperature flange, which may be rotated. The standard configuration for quality control testing
is the perpendicular one, i.e., the applied dipole field is perpendicular to the sample faces. In this
configuration, a strong twist about a vertical axis is generated by a bifilar sample for currents
above a few kiloamps in fields above several Tesla. Rotation of the sample fixture relative to the
magnet is prevented by means of a locating key on the fixture and a slotted plate at the bottom of
the magnet.

Fig. 11.3.1.5-1 shows schematically how the cables are connected to each other and to the
gas cooled leads. The connections are made using ordinary soft solder over a 15 cm. length. A
typical joint resistance is about 1@hm. The samples are excited in pairs, either A-B, or C-D.

1.3.1.54 Electrical Instrumentation
Primary instrumentation consists of the following:

» Five voltage taps and thin foil heater element for each sample.

» These are contained on the G-10 strips shown in Fig. I1.3.1.5-1. The voltage taps work by
the pressure contact of a copper wire across the width of the sample; the leads run out
through a fine groove in the G-10. The heater element is a strip of stainless steel foil, 0.013
mm. thick x 3 mm. x 6 mm,

» which is located in a shallow well formed in the G-10 strip.
» Hazemeyer DCCT secondary current standard.
» Digital voltmeters, 6-1/2 digit, 0.4V sensitivity.
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* Nicolet 12 bit, 4 channel digital oscilloscope.

» Two calibrated carbon resistor thermometers, located at each end of the magnet.

» |solation preamplifiers, 1 mV noise level.

» Secondary instrumentation consists of the following:

*  Quench current protection circuits for the magnet, the gas-cooled |leads, and the samples.
» DC power supplies for persistent switch, and sample heater element.

» Pulse power supply for sample heater element.

11.3.1.55 M easur ement Procedure

The cable samples are energized in pairs, either A-B or C-D in Fig. 11.3.1.5-1, and the V-I
curves are determined simultaneously for each member of the bifilar pair. 1n the event that one
member has alow g its partner may not be measurable in the set-up. The latter must be tested at
another time with a partner having a comparable I - another piece of the same cable, for
example. In situations like the preceding, a minimum of two and perhaps three of the cable
samples can be measured. In quality control tests of production cables, the match between
samplesis close enough that 1.'s can usually be determined for all four samples. In the rest of
this section we shall describe the procedure for testing one cable only, it being understood that a
pair of samples, or al four, are under simultaneous test.

The measurements are made with the helium bath level above the upper sample and well
above the top of the dipole magnet. The magnet field is set to a desired value and locked in with
the persistent switch. The standard arrangement is such that the field is oriented perpendicular to
the cable face.

The relative direction of the current flow and of the magnet field is very important for
reasons which will be discussed below. Therefore, the polarity of the power supply connections
is carefully checked. Beforethe V-1 curveis measured the sampleistrained. Thisisdone by
ramping the current until a quench occurs. For relatively high Cu/SC ratio cables, asin the
RHIC design, one quench is usually sufficient to reach the plateau value of I

In the past a point-by-point method was employed to measure the V-1 curve. For LHC
testing voltage-current readings are taken with a current ramp of ~200A/s. The most important
feature of this method isthat avery high degree of filtering of noise voltage can be achieved by
the following technique. The noiseis mostly in the form of harmonics of the line frequency. By
Integrating the voltage signal for an integer number of cycles, this harmonic noiseisfiltered to a
very low value. In practice, the integration is over 10 cycles, and AC peak-to-peak voltages of
order 10°° volts are reduced to an effective uncertainty in any DC reading of 107 volts. I4is
determined while ramping by means of a peak-reading DVM. | is determined by one sample of
the pair being measured; this value is alower limit of I, for the other sample. By observing the
guench on adigital oscilloscope one can determine in which sample the quench originates. Itis
usually the one with the lower |; value.

The V-I data are converted to log p - log | data and fitted by a straight line. This givesthe
10 ohm - m current and the n-value (the slope of the log-log plot). The following data are the
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result of the measurement: B, T, Iy, 1, N, where By is the applied field, and | is the quench
current or alower limit of it. This procedureis repeated for each of the four cables at severa
fieldsin the vicinity of the specification field.

11.3.1.5.6 Temperature Calculation

Calculations of the critical currents at temperatures other than that at which |; is measured
are made using the same procedure outlined in the procedure for wires. The only difference
being that the field B is not just the applied field but that which takes into account the field
produced by the cables as explained below.

1.3.1.5.7 Magnetic Field Correction

The magnetic field is the sum of the applied field produced by the dipole magnet and the
self-field produced by the measuring current. The latter produces a substantial correction.
However, since the self-field is spatially non-uniform and depends upon the geometrical details
of the bifilar sample, its effect on the V-I curveisdifficult to calculate precisely. Experience has
shown [76] that the following assumptions give results which are self-consistent for awide
variety of geometry and which give reliable predictions of magnet behavior.

a)The critical current of the sample is determined by the peak magnetic field. This depends,
of course, on the orientation of the applied field and the direction of the sample current. This
important point will be discussed further in the next section.

b)The sample current is distributed uniformly over, and normal to, the area of the trapezoid
which encloses the cable cross-section.

¢)The geometry is accurately reproducible; thisis a matter of care in assembly, as discussed
above.

With the dipole field perpendicular to the wide face of the sample, the peak field occurs at a
point on the surface of the sample where the self-field and the applied field are very nearly
paralel; that is, they are ssmply additive. For the standard test configuration, therefore, the self-
field correction can be written:

B:Bpeak:Ba+ Cxl

where B, = dipole field and ¢ = geometric constant. Below is given the value of ¢ for LHC
cable, for B perpendicular to the sample, and for the standard BNL test geometry in which the
bifilar samples are separated by 0.25 mm

Self-field constant, ¢, gauss/amp, for LHC Cablel: 0.249
Self-field constant, ¢, gauss/amp, for LHC Cable2: 0.255

11.3.1.5.8 Critical Current of the Thin Edge:

The thin edge of a keystone-shaped cable is of special interest for two reasons. First, it
forms the inner surface of a dipole (or quadrupole) magnet coil, and the maximum value of the
field occurs there. Second, this part of the cable experiences the most deformation during
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fabrication, and possibly the most degradation. The bifilar sample test arrangement with applied
field perpendicular has the characteristic feature that the peak fields occur at diagonally opposite
points, at the two thin edges (c.f. Fig. 11.3.1.5-1). Experience has shown that when the current is
reversed, so that the peak field points are along the thicker edges, a higher critical current is
measured (even though the calculated peak field is dlightly higher in this case). Thisisdue to the
smaller degree of degradation along thisedge. In practice, the quality control test determines the
critical current for the thin edge; i.e. the field and current direction are oriented asin Fig.
11.3.1.5-1.

11.3.1.5.9 Data Averaging Using I-B Graph

The critical currents are plotted on agraph of | vs. B and | is obtained from an interpolation
to the specification field.

The degradation of the cable, as mentioned before, isD = 1 - (/X ly). In practice, afew
wires may be measured and |, estimated from this sample, but in cases where questions arise
asto whether D meets a specification, it is necessary to determine I, for al the wiresin the
Cable Map.

We have ignored the fact that the critical current of awireis also subject to a self-field
effect. However, it has become general practice not to take account of this correction, notably in
discussions of J; inthe literature. For cablesit isnot acceptable to ignore self-field corrections
for the reasons given previously: sensitivity of measurements to sample configuration and
comparison of datawith magnet performance. Asaresult of this convention, the specified
degradation is lower than the true degradation, which would take account of wire self-field effect
and lead to alarger value of Z Iy

11.3.1.510 CableR(293) and RRR Deter mination

Asin the case of wires, the cable resistance at 293 K and that at 10 K is determined using
the same set-up used for Ic determination. The residual resistance ratio, RRR, is defined to be
R(293)/R(10). R(293) is measured with an accuracy of 0.5%; R(10) is measured with an
accuracy of 2%.

The quantity RRR provides a measure of the state of anneal of the copper matrix. It may be
used to check that a cable has been given a post-cabling heat treatment in order to facilitate coil
winding, if this has been specified. Such cables have RRR values over 100, wheress, typically,
cables have values around 70, if the wire has had afinal anneal, and 35 if it has not been
annealed after the final drawing stages.

The room temperature measurement is made using a DC current of 1 A, and voltage contacts
61 cm apart (see Fig. 11.3.1.5-1). A thermocouple device of 0.1°C accuracy is used to determine
the ambient temperature. Normally occurring room temperature variations produce significant
variations in the measured resistance. Designating this resistance as Ry, and the ambient
temperature as t(°C), the resistance at the reference temperature of 293 K is calculated as
follows:

R(293) = R/[1 + 0.0039 (t - 20)]
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The effect of the Nb-Ti is negligible for the purpose of this correction.

The low temperature measurement is a dynamic one, made by inducing a superconducting-
normal state quench while the cableis carrying current. Referring to Fig. 11.3.1.5-1, aquenchis
triggered in Cable A, for example, by means of heater HA. The resulting waveform observed at
nearby voltage taps, A2-A3 or A3-A4, consists of three parts: a superconducting state baseline
voltage, alinear ramp voltage corresponding to the passage of the superconducting-normal
interface between the voltage taps, and a slowly increasing signal characteristic of the normal
state resistance. The latter increases in time due to normal state heating. However, at first the
voltage is almost constant due to the residual resistance characteristic of the copper. Thus, there
isakink in the voltage waveform at the beginning and at the end of the linear ramp portion. The
voltage difference between these two points equals the current times the residual resistance of the
section of cable between the voltage taps. The resistance per centimeter is determined for two
pairs of taps (A2-A3 and A3-A4 in the aboveillustration) and averaged. The taps are relatively
close to the heater in order to minimize the effect of current fall-off which results from the
increase of normal state resistance as the quench propagates. The usual specificationisfor zero
magnetic field. However, the above measurement may be made in an external field, in order to
determine the magnetoresistance effect. Routinely only the resistance in zero field is measured.

11.3.1.6 Copper/Superconductor Ratio

The copper/superconductor ratio of the cable is determined in nearly the same manner as for
the wire; The same formulas are used but with two exceptions:

a) Theareaisthat of al thewires, viz., Nrd¥/4 .

b) The spiral path of the wires necessitates applying a length correction to the measured
value of R(293). For LHC cables R(293) is replaced by 1.045 x R(293) in the formula .

The resistance determination of Cu/SC for cables is routinely done in the BNL short sample
test procedure and serves as an accurate check on the wire data. Cable and wire Cu/SC values
agree to better than 2% in well-behaved cases, i.e. those in which there have been no errors in the
strands used for cabling. This determination is, therefore, an important quality control check. An
example of a cable test report is given below:
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LHC Superconductor Cable Test Report

Cable: LHC 2B161

Run No. 3804 Ic(6.0T)=

4/18/96

15.87 KA

B, T T K It, A g A

6.33 4.490 12887 13364
6.60 4.505 11571 12324
6.87 4.505 10538 13364

B Ic Jc

T KA AlmmA"2
6.00 15.869 2351
7.00 11.664 1728
8.00 7.459 1105

R(295)= 14.12 uohms/cm RRR=
R(10K)= 0.17 ” Cl/Sc=

Comments: Ratio of Is/lg=1.265.

n Ic, A

27.1 14569

230 13282 18 ¢

23.9 12212

B, 17esla

83
1.85

Fig. 11.3.1.6-1. an example of a superconductor cable test report.

[1.3.1.7 Strand and Cable R& D

Two years ago, a collaboration work with CERN was begun to examine the intrinsic
stability of cables[77]. stability is defined in terms of the minimum quench energy MQE of the
cable, i.e. that energy input, of short duration applied to a small section of one wirein the cable,
which isjust sufficient to quench the sample. In the past attempts to measure MQE by using
resistive heaters which are insulated from the strand have always yielded a high value since the
thermal time constant of the heater-wire system isusually large and not well controlled. More
recently ,atechnique of using graphite paste heaters attached directly on the strand have proven
to be effective in reducing the time constant and have yielded MQE va ues for single strands
that are of the same order as theoretical calculations. We have successfully used this technique

to measure the MQE of LHC single wires and insulated cables.
MQE tests on several LHC cables are being made to study the following:

1. Effect of cable compaction on the stability at 4.2 K and 1.9 K. This series of cables were

manufactured at LBL.

2. Effect of different ‘porous metal’ filling of cored cables on the stability of such cables in
1.9 K superfluid helium.
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3. Effect of different surface coatings on the strands. This primarily has implications
in understanding the interplay of inter-strand resistance and stability.

Results to date show that the level of compaction of the cable has a significant effect on the
stability of the cable to transient heat input both at 4.4 K and in superfluid helium at 1.9 K. The
low compaction cable has alarger internal void space for trapped helium which helpsin raising
the MQE of such cables. However, the choice of compaction has to be balanced with the need to
have a mechanically good cable with tight dimensional control. This has prompted CERN to
change the cable dimension to decrease the compaction from 91.2 to 89.9 %.

Research on cored cables was motivated by the need to look for aternate cable designs that
would reduce the eddy-current effect in LHC dipoles. Putting aresistive core into the center of a
Rutherford cable increases resistance between the strands in the crossover direction, which
greatly reduces the coupling currents, even when the adjacent turns remains small [78]. This
allows one to improve stability by soldering strands together or using porous metal, without
incurring a penalty for increased coupling. Preliminary results indicate that although the eddy
current coupling is reduced, this comes at the expense of reduced stability at 1.9 K, even when
adjacent strands are soldered with a porous metal solder.

The recent specification for LHC cables made from AgSn coated strands calls for a post-
cabling anneal at 190 C for several hours. Studies at CERN have shown that this treatment
increases the inter-strand resistance from a few p-ohmsto few tens of p-ohms. Thisisbeing
done to reduce the effects of eddy-current coupling on the harmonics of the magnet. The effect
of this heat-treatment on the stability of the cables are being studied.

In addition to the cable tests, MQE measurements are also being done on a series of strands
to understand whether the stability of such strands depend on any of the following :

1. NbTi alloy source
2. Different strand designs like whether the strand is single or double-stacked.
3. Differencein processing parameters that is employed by different wire manufacturers.

Results to date indicate that the stability of the strands as gauged by M QE measurements do
not show any appreciable difference based on the source of the alloy and the processing of the
wires. However, critical current measurements as a function of temperature show that the billet
design does influence the rel ative stability of these strands. Further work is being done to
understand this dependence.

11.3.1.8 Summary

The preceding sections describe the resources that will be available for testing and
evaluation of the superconducting cables and wires for the LHC magnets. The facility upgrade
will be completed by the end of 1999, in time to be ready for the cable production testing. It is
expected that this collaboration will be successfully completed in the year 2004.
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11.3.2 Superconducting cable R&D at LBNL

As aresult of a sustained program to develop high performance superconducting
cable for the SSC, the U.S. possesses some unique experience and measurement
equipment that is valuable to the LHC project as they begin their efforts to scale-up the
production of cable for the LHC magnets. Although the SSC project was terminated, the
cabling expertise and much of the specialized measurement equipment resides at LBNL.
In addition, the Superconducting Magnet Program at LBNL has continued to develop
cabling technology and instrumentation that can benefit the LHC project. The new
cabling technology includes the introduction of cores to reduce interstrand coupling and
the implementation of eddy current inspection for cable defects.

Several outstanding issues remain for the LHC dipole cable. Theseinclude (1)
control of the interstrand resistance, (2) choice of lubricant for the cabling process, (3)
development of in-line cable defect detection, and (4) control of the cable dimensions to
close tolerances.

11.3.2.1 Dipole CableInterstrand Resistance

The interstrand resistance can be as low as afew microOhms per unit pitch length for
cables made from bare Cu or stabrite coated strands. For awide cable such asthe LHC
dipole cable and at relatively fast ramp rates, eddy currents become a significant problem,
both from the field homogeneity standpoint and also eddy current heating of the cable.
The interstrand resistance must be increased to greater than about 20 microOhms per unit
pitch length for the LHC dipole cables; several methods are being explored in order to
produce a high and reproducible interstrand resistance. The LBNL cabling facility offers
a unique capability to address the possible solutions—we can investigate the options
objectively, without the competitive pressures that are present in the production cabling
facilities.

Work on this task was begun in FY96, and the task is approximately 50 % complete.
A total of 10 cables with different parameters have been delivered to CERN for
evaluation and testing. These include cables with stainless steel cores, cables with
different coatings on the strands, and cables with varying amounts of compaction.
Measurement of interstrand resistance indicates that a stainless steel core can provide the
required interstrand resistance in a reliable, reproducible manner (Fig. 11.3.2.3-1). At
present, we are fabricating enough inner and outer cable with stainless steel cores to
make a 1-m model for testing at CERN [79].

11.3.2.2 Cable Measurement Support

Over 6000 km of cable will be manufactured for the LHC project. This cable must
be manufactured to exacting dimensional tolerances e.g., cable mid-thickness controlled
to +/- 6 microns Special cable measuring machines (CMM, Fig. 11.3.2.3-3) were
developed for the SSC project, and these machines have been held in storage in
anticipation of a collaboration agreement between the U.S. and CERN on the LHC. The
machines have been modified to accept the wider LHC cables and to measure the cables
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at higher clamping pressures. A new version of the control and data acquisition software
has been prepared, installed, and debugged [80]. A tota of five CMMs, four from the
SSC close-out and one new machine, will be delivered to CERN for usein their cable
quality control program. As of the writing of this report, the four existing machines have
been delivered to CERN and are awaiting commissioning. A contract for construction of
the new machine has been let, and delivery is planned for late 1998. LBNL personnel will
make several trips to CERN to activate these machines and to train CERN personnel on
the use and maintenance of these machines.

In addition to the dimensional inspections, the cable must be inspected for defects
such as broken strands, cold welds, crossovers, or sharp edges. At present, the cableis
inspected visually by an operator—this is not feasible for the large quantity of cable
needed for the LHC. An eddy current flaw detection system was under development in
the U.S. at the time of the cancellation of the SSC project. This system is being
completed and a prototype system will be evaluated on the cabling facility at LBNL [81].
After its performance is optimized, a production unit will be delivered to CERN for use
in cable inspection. If this system proves satisfactory, CERN anticipates ordering 6
additional systems for use on the LHC cabling and cable inspection lines.

11.3.2.3 Cable Manufacturing Support

In order to verify the specification limits for the LHC cables, a series of cables must
be made and tested with parameters at the chosen specification limits [82]. This series of
cables will be fabricated at the LBNL cabling facility in order to do an independent
evaluation of the specification limits.

The cable interstrand resistance is sensitive to many parameters which must be
controlled during cable manufacture; among these is the lubricant used in cabling. LBNL
will assist CERN in the evaluation and selection of a lubricant that can be used on all
cables manufactured for the LHC project.

A powered Turkshead was used to manufacture most of the cable for the SSC
project, and has been used effectively at LBNL to make wide cables such as those
required for LHC. One of the powered Turksheads used for manufacture of SSC cable
(and now in storage at LBNL) will be provided to CERN so that they can assess the
differences in cables made with powered vs. non-powered Turkshead forming.
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Fig. 11.3.2.3-1. Calorimetric measurements of the effect of Ni and Stabrite coatings and
resistive cores on AC lossin accelerator cables under fixed pressure.
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Fig. 11.3.2.3-3. Photograph of a LBNL cable measuring machine (CMM).
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11.4 Accelerator Physics

[1.4.1 Introduction

The overall objective of the Accelerator Physics program isto support CERN in the
construction of the LHC. This naturally translates into a scope with two categories of
task: core and non-core.

Coretasks are essential to the successful completion of the US-LHC Accelerator
Project. For the most part the core activities support the quality assurance of physical
deliverables — cryostated magnets and neutral absorber ionization chambers. For
example, those tasks that involve evaluating expected and measured magnetic field
harmonics are core activities.

Non-core tasks, upon their successful completion, significantly enhance the
performance of the LHC. These tasks often take advantage of unique US capabilities to
perform Accelerator Physics (AP) calculations or measurements. One example is the use
of an existing software infrastructure to perform electron cloud effect simulations.

Another example is making beam based performance measurements (such as ground
motion studies) in existing superconducting hadron colliders - the Tevatron and RHIC.

A small number of issues do not fall neatly into either of these categories, but
overflow into areas of joint interest to US labs and to CERN. For example, in order to
have close collaboration among the US labs and CERN, it is necessary to develop and
maintain a smooth data flow infrastructure. Although this issue is specifically identified
and addressed as a topic in the section “Software maintenance and development”, below,
it also naturally crops up in other sections of this chapter. It should also be recognized
that other AP topics may well arise in the lifetime of the project, and will be handled
appropriately.

For better or worse, this chapter is divided into two major sectidessgn | ssues
andBeam Physics Issues. The former mainly covers core topics (supporting physical
deliverables) while the latter mainly describes non-core activities (invoking unique US
capabilities and resourced)esign Issues need to be jointly addressed by magnet
builders and accelerator physicists, in step with the magnet development and construction
schedule.Beam Physics Issues are less directly related to physical deliverables, but are
also important in optimizing LHC performance.

While all of the AP activitiesupport CERN in the construction of the LHC, many of
them do so by advancing the state-of-the-art of our understanding of current and future
large hadron colliders. In this way the AP community in the US benefits directly from
the US-LHC Accelerator Project.

Accelerator physics information can be found on the World Wide Web. The main
US-LHC home page, http://www-td.fnal.gov/LHC/USLHC.html has connections to local
laboratory web sites at BNL, FNAL, and LBNL.
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11.4.1.1 Major milestones and mini-workshops

The accelerator physics program supports all phases of magnet design and
construction, cold mass and cryostat assembly, and tunnel installation. For this support to
be effective, the accelerator physicists must work in close collaboration with US magnet
builders, and with CERN. Major technical milestones will be established and met, in
coordination with the magnet builders. 1n approximate chronological sequence, and
emphasizing those magnets that will be installed at high (3 locations, the milestones
include:

(1) Final design and implementation of the High Gradient Quadrupole body cross-
section and end geometry. This potentially includes lead end redesign, body-end
compensation, and body shims.

(2) Final design of theinner triplet compensation and correction scheme. This
potentially includes the use of tuning shims, optimization of corrector layers and layout,
and accelerator tuning algorithms.

(3) Decision of whether or not to split the inner triplet cryostat into two pieces.
Evaluate the direct and indirect effects on luminosity performance.

(4) Final design and implementation of surveying and alignment measurements and
procedures, during cryostat assembly and installation.

(5) Full implementation of data flow in support of field harmonic and aignment
quality assurance, optimized installation, and standard accelerator model exchange.

A timeline including these and other milestones is being established in discussions
with the magnet builders.

Mini-workshops are one way to support milestone decisions. They also have a
crucial role to play in establishing effective personal communications between the US
labs and CERN. Severa mini-workshops have already occurred, or are in the planning
stages:

October 97 FNAL High Gradient Quadrupole (HGQ) workshop
February 98 BNL UAL/LHC software modeling

June 98 BNL Database / data flow

October 98 FNAL HGQ body cross section and ends

1999 Integrated compensation and correction
1999 Alignment

These workshops need to be limited in attendance to relevant experts from the US
labs and at CERN, in order to permit efficient consensus planning and decision making.
They will be held once every four months or so, rotating among the US labs.
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11.4.1.2 Superconducting magnets

LHC performance depends directly on achieving the highest possible magnetic field
quality and alignment accuracy in the US-LHC project magnets.

Coallisions occur in the LHC at Interaction Points (IPs) 1, 2, 5 and 8 [83]. At these
IRs both counter-circulating beams share the same inner triplet quadrupoles (Q1, Q2A,
Q2B, and Q3) and common dipoles (D1). The sensitivity to field quality and alignment
errorsis greatest in these magnets, because the 3 values there are very large, in inverse
proportion to small B* values at the collision point. The optical sensitivity also depends
strongly on @, the total crossing angle. The beams do not cross at the other interaction
regions, which serve other purposes. For example, the beams are further separated at IR4
to make space for the RF cavities. Beam cleaning occursat IR 3 and IR7, and the beam
abort isat IR6.

Table I1.4.1.2-1 shows the values for B* and @ at the 4 collision IPs in the nominal
storage optics (lattice version 5.0) [83, 84, 85]. Thistable also shows optional values
currently under investigation. Table 11.4.1.2-3 lists maximum beam sizes, separations,
and other parameters at these interaction regions for both injection and collision
conditions [83, 86]. The primary low [3* interaction points are IP1 and IP5. Although
the optical layout at IR2 and IR8 isamost identical to that at IR1 and IR5, the nominal
3* values at these locations are much larger. In principle, athough not in current
planning, IR2 and IR8 could also be upgraded to operate with 3* values aslow as 0.5 m.

Table11.4.1.2-1. Nominal and provisional optional collision parametersin LHC lattice
version 5.0.

I[P nominal optional

Bx[m 1 0.5 down to 0.25 m possible
250 50 m to 250 min p operation
0.5 mpossibleinion

operation
0.5 down to 0.25 m possible
33
O] 1 200 up to 300 ur possible
2 200
5 200 up to 300 ur possible
8 200
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Table 11.4.1.2-3. Nominal injection and collision parameters at IP1 and IP5. The
maximum total beam separation Agep(max) occursin the triplet.

Quantity Unit Injection  Collision
Energy, E TeV 0.45 7
B* m >18 0.5
B(max) m ~ 200 4700
® ur 350 200
RMSnorm. emittance, ¢~ pm-rad 3.75 3.75
o(max) mm 1.3 15
o(arc) mm 1.2 0.3
Asep(Max) mm 16.6 9.4
8a(max) + Asgn(Max)/2 mMmm 18.3 16.7

Fermilab is building the High Gradient Quadrupole (HGQ) cold masses for IR5 and
one of IR2 and IR8, and KEK is building inner triple quad cold masses for IR1 and one
of IR8 and IR2. The US is assembling these cold masses together with CERN-supplied
correction coils and instrumentation into complete, integrated, cryostated packages.
Brookhaven is supplying separation dipoles (D3A, D3B, D4A, and D4B) for the RF
interaction region, IR4.

Next to the superconducting inner triplet at IR1 and IR5, and still in a region of very
high 3, arewarm beam splitting D1 dipoles. These dipoles will be built at CERN from
iron, in order to ameliorate quenching problems. The superconducting D1 dipoles at IR2
and IR8 may be built at BNL, based on the RHIC arc dipole magnets. Wherever they are
built, and whether they are warm or cold, it is important to include all D1 magnets in
models used to evaluate the I@Wperformance of an IR, since the dynamical
performance is as sensitive to field errors in these magnets as in the inner triplet
quadrupoles.
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11.4.2 Design Issues

The Design Issues section covers topics that support physical deliverables, mainly
cryostated magnets, which are being jointly addressed by accelerator physicists and
magnet builders.

The first sub-section, Dynamics analysis and simulation, describes the standard data
and calculation tools that are used to evaluate most, or all, magnet styles. High Gradient
Quadrupoles addresses the accelerator physics work that is being performed to support
the construction of these magnets, which will be built at Fermilab. Beam splitting dipoles
focuses on the only other magnets that are at sensitive high 3 locations, and which must
be included in the integrated design of a compensation and correction scheme. RF
section magnets introduces the analysis of the beam splitting D3A, D3B, D4A, and D4B
dipoles which will be built at Brookhaven, and that further separate the beamsin the
interaction region containing the radio frequency cavities. Alignment discusses the need
for accurate alignment and surveying, not only during cold mass assembly and
cryostating, but also in preparation for shipping and installation. Quality review of
production magnets describes the process that will be put in place to monitor the (short)
production run of each magnet style. Beam induced energy deposition reports results
from apreliminary analysis of the inner triplet magnets and internal absorbers, and in the
Immediate vicinity of the interaction region. Last but not least, Neutral absorber
ionization chamber describes how the TAN neutral beam absorber can be instrumented to
measure the neutral particle flux from the IP.

11.4.2.1 Dynamicsanalysis and simulation

Various methods are employed for the performance analysis of the IR (and other)
magnets, both at the design stage with reference harmonic errors, and (later) at the
production stage with measured errors. Key features of this analysisinclude:

114211 Refer ence harmonics

Reference harmonics (or expected harmonics) lie at the center of communications
between accelerator physicists and magnet builders. Preliminary values of reference
harmonics are tabulated, below, for each magnet style being produced in the US-LHC
Accelerator project. In every case the values of these numbers are provided by a magnet
physicist who acts as a liaison between the magnet builders and the accelerator physicists,
and who presents the harmonics as a consensus of the magnet builders. Reference
harmonics are publicly posted and maintained on the web.

These harmonic values will evolve modestly and slowly through additional revisions,
as more information becomes available about realistic magnets — for example, when
magnet prototypes are measured - and perhaps as minor modifications to the magnet
design are made. Itis in this spirit that the expected harmonics are called references, and
not specifications. They are the basis for accelerator physicists and magnet builders to
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jointly discuss and determine the optimum design for the highest performance magnets
that may practically be built within realistic resources.

Expected harmonic tables include separate information on body harmonics and on
end multipoles. Body errors at injection and at storage come from multiple sources,
including cross section geometry, superconductor magnetization, magnetic saturation,
magnetic measurement errors, pre-stress fluctuations between magnets, and
manufacturing tolerances. Lead end and return end errors are tabulated as harmonic
integrals B, and An, (where By, = fend bnds, An = fena @dS) wWhich act approximately as
delta function multipoles. It is expected that systematic harmonics — some of which are
significantly large - will dominate the total error in the ends. Systematic errors are
reliably calculated by 3-D magnetic modeling programs.

14212 Action-kick analysis

The relative action kickia,,/Jy O received during passage through a magnet (or
through an assembly of magnets such as the inner triplet) is a figure of merit for magnet
design and error compensation that should be minimized. Both horizontal and vertical
action kicks are important. For example, a typical rule of thumb is that the total action
kick accumulated by particles with a betatron amplitudespti@e to all multipoles,
should be less than 0.005. Taking into account the sepatafjdretween the beams,
this requirement becomes

-2

AJ A0
al QZﬁX,yJ)“Z +%"E c,ds < 0.005, (1)

J

Xy

where J = &/2py is the action of thedparticle, € is the RMS normalized
emittance, an@ is the beta function in the magnet (or magnets) of interest. The
coefficientsc, are expressed in terms of the norma) émd skew (g body harmonics
measured in units of T0of the nominal magnetic field at a reference radiusqof R
through
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(for dipoles)
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i
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Thetermp inthe denominator of Equation 1 is either the bending radius (for
dipoles), or is Bo/(Bp ) for quadrupoles, where By is defined in Equation 2 and Bp  ighe
magnetic rigidity.

This semi-analytic method provides rapid physical insight, and alows a quick
assessment of the impact of magnetic errors and compensation schemes. Table [1.4.2.2-2
and Table 11.4.2.3-1 are examples of thiskind of analysis. Strictly speaking there are two
sensitivity values — one horizontal and one vertical. The sensitivity tables show only the
larger of the two values for each harmonic.

11.4.2.1.3 Tunefootprint analysis

Tune footprints for abeam of specified emittance and momentum deviation,
driven by magnet errors and lattice nonlinearities, are extracted from short-term computer
tracking using codes like TEAPOT and COSY. Detailed information isincorporated in
the simulations, including expected harmonics, non-zero crossing angles, random
misalignments, compensation and corrections schemes, and beam-beam collisions.
Specific compensation and correction schemes being investigated include amplitude-
weighted body-end compensation, tuning shims, and local correctors. Both normal form
and tracking post-processing methods are used to calculate tune footprints. The increased
accuracy of using thick fringe fields (instead of deltafunctions) to model magnet endsis
being investigated.

11.42.1.4 Dynamic aperture analysis

Relatively long-term computer tracking is used to confirm the short-term results, and
to determine the dynamic aperture of the machine. Results obtained with tracking codes
are compared with LHC-standard codes like MAD. It is essential to establish and
maintain the compatibility of the input model with CERN codes, both for the error free
“bare” lattice, and also for the flat instantiated “machine” lattice including field errors,
alignment errors, and correctors. It is also essential to be able to “filter” the flat
instantiated lattice by performing realistic simulations of machine tuning algorithms.

Although analysis results rely on all of these methods, the action kick analysis and
the tune footprint analysis will be used most frequently to ensure rapid feedback between
accelerator physicists and magnet builders. This is especially desirable during the early
production stage.

1.4.2.1.5 Summary of future work

Action-kick sensitivity calculations and tune footprint analyses will be used to
address magnet design issues. They will also be expanded to include other LHC
operational scenarios, such as heavy ion operation, when the corresponding optics
designs are completed by CERN in the future. These techniques will also be more fully
used to evaluate RF section magnets that fall within the scope of the US-LHC program.
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In addition to these methods of analysis, frequency map techniques will be devel oped to
gain further insight into long time scale LHC dynamics.

Occasional 6-D dynamic aperture tracking will be performed, including beam-beam
effects and reference errors of the arc region magnets provided by CERN. The purpose
of such effortsis to ensure the performance of US-built magnets under afully realistic
spectrum of operational conditions.

11.4.2.2 High Gradient Quadrupoles

Because of the high B values and the large beam separations that occur in IR1 and
IR5 inner triplets during low-* operation, the field quality of the HGQ magnetsin the
tripletsis most crucial. The most demanding conditions are g* = 0.5 m with atotal
crossing angle of ® = 200 pr.

114221 Refer ence harmonics

Table11.4.2.2-1 shows the preliminary “reference” or “expected” harmonics (version
1.0) which apply to the High Gradient Quadrupoles (HGQ) that are being built at FNAL
[87]. Body harmonics in the version 1.0 tabulation are mostly derived from discussions
during the LHC mini-workshop on IR design that was held in October 1997 at Fermilab,
attended by both accelerator physicists and magnet builders. The version 1.0 end
harmonics are derived from two independent studies, which are in relatively good
agreement [88, 89, 90]. The baseline design for the HGQ coil end design features an
external splice connecting the inner and outer coil. An internal splice design is currently
being developed, which is expected to improve the field quality. If the results of beam
tracking studies show that a further reduction of the field errors in the end regions is
necessary, a re-optimization of the conductor group geometry will be performed.

11.4.2.2.2 Action kick analysis

Table 11.4.2.2-2 shows the sensitivity of the machine performance to body harmonics
In a single composite Q2 magnet under collision conditions@¥ith0.5 m andd = 200
ur, as measured by the relative action kick figure of merit. For simplicity it is assumed
that the beam separation is at its maximum value, given by

Asep,max = CD‘V IB* ﬁmax’ (3)

throughout the Q2 magnet.
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Table11.4.2.2-1. Reference harmonics (version 1.0) for HGQ magnets. “Units” for the
body harmonics are Tof the quadrupole field at a reference radius of 10 mm. “Unit-
meters” for lead and returns ends represent delta function multipole kicks, also using a 10
mm reference radius. Harmonics are numbered in the European convertidnis
dipole, etc. The mean systematic value is labeled By, <e uncertainty in the
systematic by(b,), and the standard deviation of the random erras(by). See G.
Sabbi, TD-97-050, Nov 1997.

Order, n Normal Skew
<by> A(bn)  a(bn) <a>  Aa)  of&)

BODY (collision)
[Units]
2 - - - - - -
3 .0 2 .0 2
4 .0 .09 .0 .09
5 .0 .04 .07 .0 .04 .07
6 .0 .02 .03 .0 .02 .03
7 .0 .01 .008 .0 .01 .008
8 .0 .004 .003 .0 .004 .003
9 .0 .002 .0016 .0 .002 .0016
10 .0003 .0009 .0005 .0 .0009 .0005
BODY (injection)
[Units]
as above, except ..
3 1.3 1.3
6 -1 .04
10 .0001
LEAD END <B,> A(B) a(Bn) <A> A(AR) a(An)
[Unit-meters]
2 .0 16.0
6 270 .008
10 -.0013 -.0005
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RETURN END <B> A(B.) oB)  <A>  AA) oAy
[Unit-meters]

6 .046

10 -.0013

Table11.4.2.2-2. Action-kick sensitivity of 80 amplitude particles to body harmonics
from one (Q2A+Q2B) quadrupole magnet at collison in the absence of error
compensation. The second column records the value of the larger of the horizontal and
vertical values of |AJ/J| produced when 1 unit of error (by/a,) of multipole order n at a
reference radius of 10 mm acts on a particle of 80 amplitude (B* = 0.5 m and ® = 200 pr).

Multipole } JJ|& 10°)

bs/ag 4.7

bs/ay 7.6

bs/as 12.3
be/as 199
b:/a; 32.2
be/ag 52.4
bo/ag 85.3
bio/awn 139.0

11.4.2.2.3 Correction and compensation schemes

Without error compensation or correction, the condition of Equation 1 is not satisfied
even when a single sextupole harmonic is present in one Q2 magnet at twice the expected
random value recorded in Table 11.4.2.2-1. Compensation of the magnet errors needsto
take into account the significant variation of the amplitude (B) function across each HGQ
magnet [91, 92]. On the other hand, although amplitude weighted compensation is
necessary, the betatron phase advance across each inner triplet is negligible, and
integrated local triplet compensation is effective. Two types of correction strategies can
be envisaged to further reduce the deleterious effects of field errorsin the IR regions.
Thefirst category includes methods for improving the field quality of the main magnets,
while the second category includes methods for compensating the magnet errors through
optimization of the IR configuration and/or the use of corrector magnets.

In the first category, the main correction scheme consists of modifying the coil
geometry using pole and mid-plane shims in each octant, independently for the inner and
outer coil layers. Larger corrections may be obtained by changing the thickness of the
bearing strips, whileinsulation layers 25 um thick can be added or removed to fine tune
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the harmonics. Analysis shows that corrections of the systematic harmonics within the
predicted range of variation (Aby,) are possible at the nominal operating gradient using the
available tuning capability. A coil cross section iteration will only be required if
correction for larger effects becomes necessary.

The random spread in harmonics between magnets could be reduced by coil re-
shimming after warm magnetic measurements. Thiswould provide a correction that is
quite current independent, but would be labor-intensive and subject to some uncertainty
as the harmonics are not exactly reproducible after collared coil re-assembly.
Alternatively, tuning shim methods are very attractive in terms of required effort and
reproducibility, but the resulting correction is current-dependent due to saturation effects.
Preliminary calculations indicate that only 50% of the tuning shim correction capability
at low current is preserved at nominal gradient. Tuning shims are discussed further
below.

The second approach to IR field quality improvement relies on the use of correction
magnets, on the optimization of the configuration layout, and on sorting. Due to the tight
gpatial constraints inside the inner triplet, the number of corrector coils must be kept to a
minimum. However, one correction magnet can have many — say 4 — independent layers.
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Fig. 11.4.2.2-1. Schematic layout of the LHC inner triplet and common dipole assembly, in version 5.0
optics. The layout shows the dipole (D1), quadrupoles (Q1, Q2A, Q2B, and Q3) and their lead-end
orientation, triplet correctors (MCBX, MCDD, MCQS, and MCDDS), and BPMs for the two counter-
circulating beams.
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Table11.4.2.2-4. The nominal list of correctorsto beinstalled in the IR triplets, in version
5.0 optics [83, 93].

Name Type Nominal Field Ln[m] No.
at x,y [m]

MCBX H/V Dipole 2
(horizontal) 3.2 0.31
(vertical) 3.2 0.30

MCQS Skew quadrupole 28y 0.36

MCDD  Dodecapole 3210°%° 0.50

MCDDS  Skew Dodecapole 3210°y° 0.50

The objective during configuration optimization is to place the correctors at locations
where the B function is relatively large, and to move those systems that generate large
field errors toward locations where the 3 function issmall. Fig. 11.4.2.2-1 shows the
layout of the IR inner triplet in the current lattice version 5.0, including correctors that
can be used to further improve the quality of the optics. Table11.4.2.2-4 lists some of the
basic properties of these correctors.

Correction tactics that can be used to improve triplet performance include:
lead end orientation

Orient the HGQ magnets so that the lead ends of Q1 and Q2A face each other, and
so that the lead ends of Q2B and Q3 face each other, as shownin Fig. 11.4.2.2-1. Such an
arrangement maximizes the error cancellation between focusing and defocusing
guadrupoles and, consequently, minimizes the effect of lead-end systematic errors. It
also places the magnet lead ends, which have larger end errors, away from the Q2A-Q2B
drift where the 3 function reaches a peak value [94]. This effectively reduces the optimal
value of body bg by afactor of 2.3, if abody-end compensation scheme isimplemented
[95]. A similar advantageis obtained by orienting the lead end of the D1 dipole away
from the IP.

Accelerator physicists at Fermilab studied the effect that the end fields of HGQ
magnets have on the tune footprint and the short-term dynamic aperture. The tune shift
with amplitude was obtained using the DA normal form routine in COSY, and the
tracking was performed using a 10th-order one-turn map, aso with COSY. Preliminary
results confirm the conclusion independently reached by BNL, in that the lead end
orientation affects the tune shift with amplitude. The same simple statement can not be
made about the effect on the 1000-turn dynamic aperture.
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body/end compensation

Adjust the design value of the body bs to compensate for the end errors across each
triplet according to the amplitude-weighted expression

bes =—0.10 B, -0.23 By, = -0.038(unit). (4)

where subscript B refersto the body, L to the lead end, and Rto thereturn end. This
choice of body b, the same for al the HGQ magnets, isinsensitive to lattice optics
changes aslong asB* issmall. The coefficientsfor the lead end Bg. and return end Bgr
reflect the choice of magnet orientation shown in Fig. 11.4.2.2-1.

tuning shims

Tuning shims provide away to correct the harmonics of an individual HGQ
magnet after it is constructed and measured for the first time, but beforeit is assembled
into a cryostat. [96, 97]. For each HGQ magnet, tuning shims are inserted into 8 slots to
correct as many as 8 multipole harmonics. The performance of the HGQ tuning shimsis
being explored jointly by FNAL magnet builders and accel erator physicists, using
simulation software to determine the multipole candidates for optimization. Preliminary
predictions for the performance of HGQ tuning shims have already been established [98].
Tuning shim correction becomes most effective only if the measurement uncertainties are
small, and if the harmonic variations with quench and thermal cycles are small.

local correctors

The optics can be further improved after magnets have been installed and
commissioned by powering local correctorsin the triplets. Transverse misalignments of
the triplet quadrupoles generate dipol e kicks in both planes, and will be compensated by
vertical and horizontal dipole correctors at |ocations where the appropriate 3 function is
large. Due to the strong influence that low-B quadrupole roll angles have on the
minimum tune split, alocal skew quadrupole corrector is necessary. Preliminary studies
indicate that a single skew quadrupole is sufficient for correcting these errors[99]. It
may be necessary to calculate the strength of these skew quadrupole correctors based on a
local de-coupling correction scheme.

The optimum settings of the nonlinear local correctors may be established either by
dead reckoning or by beam-based correction schemes. Dead-reckoning schemes based
on design lattice functions and bench-measurements of multipole errors are simpleto
apply. Beam-based schemes using local correctors become more attractive than dead
reckoning if measurement uncertainties, and/or harmonic fluctuations with quench or
thermal-cycle history, are found to be large. Asarule of thumb, effective correction for
each inner triplet in both horizontal and vertical directions requires two correctors for
each normal harmonic (at locations of significantly different g, and By), and one for each
skew harmonic. The performance of the nominal &, bs and ag correctors (Fig. 11.4.2.2-1)
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will be evaluated using simulation software. Additiona bs/as and bs/a, correctors appear
to be highly desirable. Beam-based correction schemes for high-order multipoles are
being explored.

sorting

The HGQ magnets with the highest field quality will be selected for use at IR1 and
IR5. The remaining magnets will be used either at IR2 or IR8, or as spare magnets.
Magnet cold masses (quadrupoles and correctors) will also be selected and matched
before cryostat assembly in order to minimize the relative magnetic center offset and roll
angle.

Table11.4.2.2-5. One possible integrated correction strategy for the inner IR triplet,
consistent with version 5.0 optics.

Order, n Normal, by Skew, a,
1 MCBX MCBX
2 trim MCQS
3 S S
4 B,S S
5
6 B+, MCDD (2) B+, MCDDS
8 B
10 B

Table11.4.2.2-6. Key to symbolsused in Table [1.4.2.2-5.

Symbol Meaning

B coil cross-section iteration

B+ coil cross-section iteration plus body-end compensation
S tuning shims

MCBX  loca normal/skew dipole corrector
MCQS  local skew quad corrector

MCDD  local bg corrector (2 per IR)
MCDDS loca &g corrector
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The optimum correction and compensation strategy will incorporate tactics using
most or all of these schemes. Table11.4.2.2-5 and Table 11.4.2.2-6 summarize one
integrated correction strategy that is possible in version 5.0 optics, according to order of
the multipole being addressed.

11.4.2.3 Summary of futurework

Ongoing study isrequired in order to assess the efficiency and the relative
advantages of potential HGQ compensation and correction schemes. The optimum inner
triplet design will be continuously reviewed as new information becomes available from
field quality measurements of the HGQ magnets, from beam tracking studies, and from
improved knowledge of the precision of the alignment procedures. Studieswill be
performed to support decisions on the IR corrector package including the number of
layers of each package, choice of multipole components, and the required corrector
strengths. Since error compensation of D1 dipoles also relies on inner triplet correctors,
their performance requirements will also be integrated into inner triplet design studies.

11.4.3 Beam splitting dipoles, D1

The superconducting D1 dipoles placed at IR2 and IR8 may be built at Brookhaven. At
these locations the 3 values are not nominally expected to become very large, since the 3*
values shown in Table11.4.1.2-1 arerelatively large. However, future upgrades could
lower these 3* valuesaslow as 0.5 m. It is necessary to pay close attention to the field
quality of all the D1 magnets, including the warm dipolesin IR1 and IR5 locations,
wherever they are to be constructed.

Table11.4.2.3-1 shows version 1.0 of the expected magnet harmonics for D1 dipoles
at collision energy. In lieu of expected harmonics from a known design, the values
tabulated are derived from actual harmonics of RHIC arc dipoles, with afew minor
modifications [100]. If BNL builds the D1magnets, these harmonics are the appropriate
starting point for discussions with magnet builders. A replacement table will be
established if the D1 magnets are built elsewhere. In either caseit is also necessary to
establish expected harmonics for the warm D1 dipoles that will be built at CERN.

Table11.4.2.3-2 shows the impact that 1 unit of magnetic error (b,/a,) inasingle D1
dipole has on machine performance if B* isreduced to 0.5 m, under collision conditions
with @ =200 pr. Note that the reference radius used here is 25 mm. The action-kick
sensitivity shown, defined by Equation 1, isfor a particle of 80 amplitude.
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Table11.4.2.3-1. Expected magnetic errors (version 1.0) at collision energy for the body, lead end, and
return end of D1 dipoles, derived from measurements of RHIC arc dipoles[100]. Unitsare 10™ of the
dipolefield at areference radius of 25 mm. Harmonics are numbered in the European convention: n = 1is
dipole, et cetera. The mean systematic value is labeled by <by,>, the uncertainty in the systematic by A(b,),
and the standard deviation of the random error by o(b,). See A. Jain, RHIC/AP/147, February 1998.

Order, n Normal Skew

BODY (collision) [unitg] <bp> A by ob) <ap> A @) o @)
2 A .8 .28 .6 35 155

3 -3.3 34 1.82 -3 .6 21

4 .0 3 .09 .0 11 42

5 5 .8 41 -1 2 .06

6 -1 A .04 -1 .6 A7

7 11 2 A1 .0 1 .03

8 .0 1 .01 .0 2 .05

9 .0 1 .05 .0 1 .01

10 A A .02 .0 A .02
11 -6 A .02 .0 A .01
LEAD END [unit-m] <B,> A(B,) o(B,) <A,> AA) a(Ay)
2 -5 2.3 .99 -1.4 4.3 1.77

3 224 29 1.10 -9.9 1.0 .39

4 .0 4 23 1 8 .29

5 -4 4 22 2.2 3 A3

6 .0 3 A2 .0 3 10

7 9 A .05 -9 1 .06

8 .0 A .03 .0 1 .03

9 .0 A .03 3 1 .02

10 .0 A .03 .0 A .02

11 -1 A .01 .0 A .01
RETURN END [unit-m] <B,> A(B,) o(B,) <A,> AA) a(Ay)
2 2 18 .66 9 45 191

3 6.1 2.7 1.16 3 1.0 .34

4 .0 4 .16 2 7 31

5 .0 4 23 .0 3 A1

6 .0 2 .06 .0 2 10

7 .0 A .06 .0 A1 .05

8 .0 A .03 .0 1 .04

9 -2 A .03 .0 1 .02

10 -1 A .04 .0 A .05

11 -1 A .01 .0 A .01
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Table 11.4.2.3-2. Action-kick sensitivity to body harmonicsin one D1 magnet at collision
in the absence of error compensation. The second column records the value of the
maximum horizontal or vertical action kick |AJ/J| produced when 1 unit of error (by/a,) of
multipole order n at areference radius of 25 mm acts on a particle of 80 amplitude (B* =
0.5 mand ® = 200 pr).

Multipole 1 JJ] ¢ 10°)

bo/a 4.08
bs/ag 248
ba/ay 1.51
bs/as .93
be/a6 57
b7/ay .35
be/ag 21
by/ag A3
bio/a10 .08
b11/ag1 .05

11.4.3.1 Correction and compensation schemes

Applying the D1 expected body harmonics from Table 11.4.2.3-1, it isfound that the
condition of Equation 1 can not be satisfied even when only with the systematic body
sextupoleis present, without error compensation or correction. The possible compensation
schemes are similar to those discussed for HGQ magnets. Strictly speaking, the D1 and
HGQ field quality issues are not separable, since it isthe integrated performance of both D1
and inner triplet magnets that is a concern.

11.4.3.1.1.1 l|ead-end orientation

Orient the D1 dipoles so that the lead end faces away from the IP, as shown in Fig.
[1.4.2.2-1. Such an arrangement minimizes the effect of the lead-end systematic errors.

11.4.3.1.1.2 body-end compensation

Adjust the design value of the body bs to compensate for the end errors (Table
[1.4.2.3-1) across each D1 according to the amplitude-weighted expression

b,, =-0.095 B, -0.116 B, =-2.8(unit). )
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This choice of body bs is optimized for low B* operation, but is not sensitive to the
exact value. Note the strong influence of the lead end sextupole harmonic.

1.4.3.1.1.3 tuning shims

Tuning shims may be used to provide individual magnet correction after aD1
magnet is constructed and measured, if provision is made in the D1 magnet design. The
desirability of D1 tuning shimswill be explored jointly by magnet builders and
accelerator physicists, using simulation software to determine the multipole candidates
for optimization. Just asin the HGQ case, tuning shim correction is most effective when
the measurement uncertainties are small, and if the harmonic variations with quench and
thermal cycles are small.

11.4.3.1.1.4 local correctors

Since the betatron phase advance between the inner triplet and the nearby D1 is
negligibly small at low-B* 1Ps, the same local correctors for the inner triplets (shownin
Fig. 11.4.2.2-1) can also be employed to compensate for D1 field errors. In this case,
however, appropriate corrector layers need to be present to respond to a different set of
dominant allowed harmonics.

11.4.3.2 Summary of futurework

Efforts will be made to evauate the impact of D1 dipoles, warm and cold. Improved
reference harmonics will be established both for the warm D1 beam splitting dipoles
being built by CERN, and also for the superconducting D1 magnetsto be installed at IR2
and IR8. The effects of multipole feed-down due to non-zero crossing-angle and due to
beam splitting will be studied and incorporated in standard LHC analyses.

The effectiveness of local and non-local correctors will be studied, at injection and at
collision energies. In conjunction with HGQ work, an optimum integrated correction
strategy will be incorporated into the design of IR triplet corrector packages. This
strategy will be continuously re-assessed as improved knowledge of the realistic
performance of D1 dipoles becomes available.

11.4.3.3 RF section magnets

Only the HGQ and the D1 magnets will experience the rigors of very large 3 values.
Nonetheless, field quality and alignment assurance also needs to be applied to the other
magnets that are to be built by the US-LHC collaboration. Thislist currently includes
D3A, D3B, D4A, and D4B dipoles for the RF straight section at IR4. The same
computer software and analysis methods are employed to study the performance of all of
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these magnets. Reference harmonics will be developed and maintained for al these
magnet types.

While the field and alignment quality issues in these magnets are not so stringent as
in HGQ and D1 magnets, there are additional issues that need special attention. For
example, cross talk and magnet saturation between the two bores in the common yoke D3
and D4 dipoles with different separations will be studied.
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Table11.4.3.3-1. Expected magnetic errors, version 1.0, for D3A, D3B, D4A, and D4B
dipoles at IR4 at injection [100]. Units are 10™ of the dipole field at areference radius of
25 mm. Harmonics are numbered in the European convention n = 1 isdipole, et cetera.
The mean systematic value is labeled by <b,>, the uncertainty in the systematic by A(by),
and the standard deviation of the random error by o(b,). Later versions of expected
harmonics for these magnets will be split into 4 tables, since there are significant
variations between them. See A. Jain, RHIC/AP/147, February 1998.

Order, n Normal Skew
INTEGRAL [units] <b.,> A(bn) o(by) <a> A@) o)

D3A and D3B
2 i 8 .28 -1 3.7 1.53
3 -11.3 5.5 195 -11 5 A7
4 -1 2 .08 i 12 42
5 .6 8 40 2 2 .06
6 .0 i .03 .0 5 15
7 -3 2 10 -1 i .02
8 .0 i .01 .0 2 .05
9 d 1 .04 .0 d .01
10 .0 i .02 .0 a .02
11 -7 i .02 .0 1 .01
D4A and D4B
2 1 8 .28 -1 3.7 1.53
3 -9.9 5.5 195 -11 5 A7
4 -1 2 .08 i 12 42
5 .6 8 40 2 2 .06
6 .0 i .03 .0 5 15
7 -3 2 10 -1 i .02
8 .0 i .01 .0 2 .05
9 d 1 .04 .0 d .01
10 .0 i .02 .0 i .02
11 -7 i .02 0 1 .01
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{{{ADD D3/4 REFERENCE HARMONIC TABLE HERE}}

Table11.4.3.3-2. Action-kick sensitivity to body harmonics for RF region D3 dipoles, at
injection. The second column records the value of: |AJy /| produced when 1 unit of
error (bn/a,) of multipole order n at areference radius of 25 mminasingle D3A + D3B
magnet pair acts on a particle of 11c amplitude.

Multipole 1 JJ] ¢ 10°)

bo/a .350
bs/as 170
ba/ay .090
bs/as .040
be/a6 .020
b:/a; .010
bs/ag .005
bo/ag .003
bio/a10 .001
bi1/as; .001

Table11.4.3.3-3. Action-kick sensitivity to body harmonics for RF region D4 dipoles, at
injection. The second column records the value of: |AJy /| produced when 1 unit of
error (bn/a,) of multipole order n at areference radius of 25 mmin asingle D4A + D4B
magnet pair acts on a particle of 11c amplitude.

Multipole  } JJ] ¢ 10°)

bo/ap 220
bs/ag .089
ba/ay .035
bs/as 014
be/as .006
b7/ &y .002
bg/ag .001
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11.4.3.4 Summary of futurework

Individual reference harmonic tables will be generated and evaluated for each of the
four RF dipole magnet styles. Theimpact of persistent current sextupole bs harmonicsin
dipoles like the RF section dipoles will be studied, including the time dependence of cail
generated bs, partial compensation by geometric bs, and the effectiveness of global
sextupole correction.

11.4.4 Alignment

11.4.4.1 Alignment requirements

The HGQ magnets, correctors, and Beam Position Monitors (BPMs) in the inner
triplets must be carefully aligned relative to each other, and relative to the outside world,
to avoid degradation of the desired accelerator performance [101]. Magnet
misalignments (low-B quadrupoles and correctors) irrevocably affect the beam. In
contrast, BPM misalignments are easily removed in accelerator controls software, so long
asthey are accurately measured and recorded. The sizes of typical HGQ and corrector
misalignments are approximately identical, while the HGQs are much stronger than the
correctors. Thus, most of the accelerator physics issues arise from HGQ misalignments.

Transverse misalignments of HGQ magnets primarily affect the closed orbit, while
roll misalignments primarily affect the linear coupling between horizontal and vertical
motion. Pitch and yaw rotation errors and longitudinal translation errors are relatively
unimportant. In calculating the strengths of closed orbit and linear coupling distortions
an HGQ magnet is often well parameterized by its integrated magnetic field strength.
Similarly, it is often sufficient to consider the integrated values of the transverse field
displacement and the field roll angle, including the effects of the magnet ends.

Sometimes, however, it is hecessary to pay attention to the variation of the field
displacement and the field roll angle along the considerable length of these magnets. To
fully characterize amagnet it is therefore necessary to measure the center of the magnetic
field in the transverse x, y plane and the roll angle ¢ at many places along its length.
Transverse misalignment and roll measurements are usually made relative to surveying
fiducials attached to the cold mass. During magnet assembly these cold mass fiducials
are related to externally available cryostat fiducials. Care must also be taken at this point
to minimize the relative misalignments between magnets and correctors. Cryostat
fiducials are used during tunnel installation to place the cryostat in the optimum location
in the global coordinate system.

The strengths of dipole and skew quadrupole correctors must be carefully
adjusted to compensate for the closed orbit distortions and linear coupling which are
caused by transverse misalignments and rolls of inner triplet quadrupoles. In contrast, the
feed down distortions caused by corrector misalignments are only second order in the
main magnet strength, and so are relatively easy to correct by minor adjustment of the
strengths of the nonlinear correctors themselves.
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Extensive studies have aready been performed on the effect of transverse
misalignments of low-f quadrupoles on accelerator performance [102]. For exampleit
has been shown that a 1mm offset of the inner triplet cryostats on both sides of an IP
resultsin a vertex displaced by 0.6 mm, and exterior closed orbit distortions of
approximately one beam sigma. Similarly, relative misalignments of 0.35 mm amongst
HGQ magnets inside the inner triplets correspond to saturation of the dipole corrector,
but introduce essentially no change in the value of the dynamic aperture. Short term
displacements which cannot be corrected (vibrations) should be limited to afew um for a
single quadrupole to ensure no more than 10% degradation of the luminosity. Common
mode vibrations of the entire inner triplet should be limited to a few tenth of one micron,
in order not to perturb the closed orbit by more than one beam sigma.

11.4.4.2 Operational realignment and cold mass sensor s

Since the alignment tolerances are quite tight it has been proposed that a movable
support system be used to make it possible to re-adjust individual quadrupole positions,
thus eliminating undesired orbit perturbations at their source [102]. Beam based
alignment monitoring, as well as any initial beam based alignment procedure, rely
strongly on the accuracy of the beam based monitors [103]. In this context an external
reference system would be very useful to give additional redundant information about the
position of the quadrupoles. The CERN survey group has proposed using a wire based
monitoring system that would provide such information [104]. Occasional re-adjustment
of the inner triplet cryostats will also be made easier by the presence of cold mass
sensors, which will provide information about where the cold massis relative to the
cryostat fiducials.

The relationship between cold mass fiducials and cryostsat fiducials changes from
that observed during bench measurement as the triplet is cooled down. Worse, these
movements may not be the same on two subsequent cool-downs, or after a quench [105].
The relationship between cold mass and cryostat fiducials may also change during
shipping from the US to CERN, or during local transportation. Fortunately it appears
possible to avoid these ambiguities by monitoring the movement of the HGQ cold mass
relative to the cryostat using a system of capacitative cold mass sensors [105].

11.4.4.3 Summary of futurework

The impact of misalignments of HGQ, D1, and other magnets within the scope of the
US-LHC program will be continually assessed during magnet design and production
using analysis and tracking codes like TEAPOT. Non rigid body deviations including
magnet twist and pitch will be evaluated using modeling techniques including machine
file manipulation. The effects of corrector misalignment and the corresponding feed
down harmonics will be studied. The potential performance of plausible cold mass
sensor designs will be evaluated.
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11.4.5 Quality review of production magnets

The quench performance, the field quality, and the alignment of the production magnets
built at FNAL and at BNL will be jointly monitored and routinely reviewed by the magnet
builders, surveyors, and the accelerator physicists. The review process includes:

11.451.1 SYBASE documentation of individual measurement data

M easurement data include information such as the minimum and plateau quench
currents for each magnet, warm and cold integral transfer functions, field angles,
harmonics, magnetic center offsets, and field roll misalignments. These datawill be
stored in one or more SY BASE databases at FNAL and at BNL. Other commercial
database platforms may also be used. The measurement data will be freely accessible to
al interested parties at CERN and US laboratories.

1.45.1.2 guench performance and field quality

Production line measurement data that is incrementally added to the databases at
FNAL and BNL will bejointly and promptly reviewed by magnet builders and
accelerator physicists, using software similar to that used for the RHIC Magnet
Acceptance Committee [106, 107]. Statistical trends will be monitored and analyzed.
Individual magnet data will be compared with expected harmonics and with the statistics
of the previously built population. Possible production flaws and problems will be
identified.

11.45.1.3 alignment-based sorting

Magnet cold masses will be selected and matched in order to minimize the relative
magnetic center offsets and roll anglesin their common cryostats, based upon measured
transverse offsets and integral field angles. Individual cold masses will be assembled into
cryostats while correcting the average offset and roll angle using SY BASE documented
data. The amount of correction will be specified by accelerator physicists and recorded
In adatabase.

11.45.14 review of assembly alignment

Magnetic center offsets and roll angles will again be measured and recorded into a
database after each individual cold massis assembled into acryostat. Using software
similar to that used for RHIC magnet review and acceptance, the measurement data
documented in databases at FNAL and BNL will be jointly and promptly reviewed by
magnet builders and accelerators physicists[107]. Trendswill be analyzed and
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monitored, and individual magnet data will be compared with the statistics of the
previously built population to identify possible production flaws and problems.

1.45.1.5 feedback during (early) production

If undesirable trends or individual problems are noticed in production, it may be
possible to invoke magnetic design iterations or production and assembly alignment
modifications to improve later magnets. It is often possible to do this without
interrupting the production line [106, 107]. Design iterations will be jointly discussed,
with every effort made to improve the final quality of the product while minimizing the
impact on the production line schedule, and costs.

11.4.5.2 Field quality and alignment review dataflow

Thefirst parts of Table 11.4.5.2-1 list the database structures necessary for recording
the field quality and quench performance data (MAGLHC) and also aignment data
(SURVLHC). The second part lists production line analysis software needed for
monitoring field (maganal) and alignment (survanal) quality. Full fledged simulation
tracking codes will also be used to assess the overall impact of magnetic and
misalignment errors. In order for such tracking codes to be as redlistic as possible, the
LHC model will be prepared by simulating the actual IR compensation schemes, using
“IR filters”. Measurements of the magnetic field centers, and roll angles relative to
cryostat fiducials, are recorded in the database table CENTERS. This information will be
used for later tunnel installation at CERN.
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Table 11.4.5.2-1. Summary of IR production magnet database structures and analysis
software for field and alignment quality review and ring installation.

Databases/tables:

MAGLHC Database structure to record magnetic measurement data
SURVLHC Database structure to record survey and alignment data
CENTERS Table structure containing instructions for ring installation
Analysis software:

Maganal Analysis of measurement data - Integral Transfer Function,

Integral Field Angle, harmonics, et cetera. Thisincludes
popul ation statistics, trends, and 20 and preset limit flags.

Survand Analysis of alignment data - center offset, roll, et cetera. This
includes statistics, trends, and 20 and preset limit flags.

IR Filters Tuning shims, local corrector settings, crossing angle
(simulating measurement errors and shimming optimization,
set corrector strength within preset limits, et cetera.)

11.4.6 Beam induced energy deposition

The LHC is designed to produce p-p collisions at /s =14 TeV and L=10*cm%s™.
With atotal cross section of 106 mb, these parameters give rise to 1190 W of power in
collision products leaving an IP in each direction. Calculations with the DPMJET event
generator and the MARS hadronic and el ectromagnetic shower code show that elastically

scattered protons carry off 290 W into the multi-turn beam halo [108, 109]. With ¢;,=80

mb, the inelastic interaction rate of 8 x 10°s™ represents a power of 900 W per beam
leaving an IP in each direction.

The calculated collision power P deposited in inner triplet components on either side
of a high-luminosity interaction point depends on the component and on the beam
Crossing parameters:

o P=250-320 W - in the TAS front absorber 19 m from the IP. The exact value
depends on the TAS inner aperture, outer radius, configuration, and material.
For copper absorbers with a inner aperture of 17 mm and an outer radius of 0.25
m the power is P=270 W.

237



- DRAFT -

e P=150-200 W - in the low-3 quadrupoles (including interna absorbers). For
each inner triplet with 70 mm aperture HGQ magnets and internal absorbers,
TAS aperture 17 mm, and a half crossing angle of 150 prad in a 45° crossing
plane, the power is P=200 W.

* P=210W -inthe TAN neutral absorber 149.5 m from the IP, for the above case,
deposited mainly by neutral hadrons and photons.

» therest (about P=220 W) — in beam pipes inside and downstream of D1, such as
the D2 separation dipole, Q4 and other components in the dispersion suppressor
region, and farther from the 1P, deposited by energetic protons and the products
of their interactions.

Preliminary studies at CERN and Fermilab identified this as a potentially serious
problem, especially with the indicated amount of power deposited in the superconducting
components of the low-p insertions [110, 111, 112, 113, 114]. The quadrupole fields
sweep secondary particlesinto the coils preferentially along the vertical and horizontal
planes, giving rise to alocal peak power density P(max) about 4 times larger than the
average and as much as an order of magnitude larger than the azimuthal minimum. The
estimated quench limits for LHC magnets are 0.7-1.2 mW/g, defined as the longitudinal
and azimuthal peak power density averaged radially over the first superconducting cable.
From this one derives P(max) <0.4 mW/g as adesign goal. Energy deposition
calculations show that without protection P(max) could easily exceed 0.4 mW/g and
prevent the low-f quadrupoles from reaching their required gradient. Tests of porous
cable insulation systems and cal cul ations concerning the insulation system to be used in
the HGQ magnets have shown that up to about 1 mW/g of heat can be removed while
keeping the coil below the magnet quench temperature, partially mitigating the problem
[115, 116]. Statistical errors on the Monte Carlo calculation are estimated to be +15% for
P(max), based on comparison of results from different runs with independent random
Seeds.

Energy deposition studies concentrate on beam-induced effects in the IR1 and IR5
interaction regions, due to both pp-collisions at VJs=14TeV and radiation comi ng
towards an IP from beam lossin the IP vicinity [117]. Full scale ssimulations have been
used to optimize the TAS front absorber, the inner triplet absorbers, and the TAN neutral
beam absorber, as well as to study accelerator related backgroundsin the CM S and
ATLAS detectors. Simulation results depend on the optical layout in general, and the
inner triplet configuration in particular.

11.4.6.1 Inner triplet configuration

Fig. 11.4.6.1-1 shows the inner triplet configuration in version 5.0 optics, including
the positions and apertures of each magnet as well asinternal absorbers that define the
limiting aperture [113]. Fig. 11.4.6.1-1 aso indicates the minimum mechanical half
aperture, accounting for all the various errors considered in reference [83]. Each internal
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absorber has an inner radius at this limit, and has an outer radius 2 mm less than the coil
radius.

{{{FIGURE 2 GOES HERE. Nikolai Mokhov says “get ‘triplet5.eps’ file from Jim
Strait”.}}}

Fig. 11.4.6.1-1. The LHC lovB* insertions (version 5.0) including internal absorbers.
The solid (dashed) line is the approximate allowed beam envelope for injection
(collision) optics, including closed orbit and mechanical tolerances.

Version 5.0 of the LHC optics eliminated trim quadrupoles in the inner triplet,
lengthened Q1 and Q3 to 6.3 m, decreased the HGQ gradients to 200 T/m, and increased
the separation between D1 and D2 to allow the use of lower field or shorter dipoles. At
the high luminosity IRs (IR1 and IR5) D1 is now a conventional warm magnet. Under
injection opticg3* = 12 m, but might be increased further.

To understand the impact of these changes on the energy deposition and to guide
future work, the dependenceR(max) on internal absorber thickness has been studied.
The optimal internal absorber apertures tend to increase in going from version 4.2 to
version 5.0 optics, mainly due to the larger crossing angle. The distance of the triplet
from the interaction point is the same and the overall length of the triplet is only slightly
greater in version 5.0 than in version 4.2 (30.6 m versus 29.6 m). Thus, the relation
between power density and absorber thickness is the same for the two configurations,
within calculation uncertainties. The final optimization of absorbers consistent with these
lattice parameters is the subject of on-going studies [118, 119].

11.4.6.2 The energy deposition model

All the details of the CMS and ATLAS detector near beam components, the layouts
of the high-luminosity insertions at IR1 and IR5, the dispersion suppressors, and nearby
arc half-cells which might affect both luminosity and beam loss induced energy
deposition in the IR components, are taken into account. Three-dimensional geometries
and material descriptions of the lattice and tunnel components are used. This includes a
0.4 m horizontal shift of the beam line with respect to the tunnel axis, a floor level 0.95 m
beneath the magnet string, the TAS front absorber, and a proposed flared beam pipe
between the D1 dipole and the TAN neutral beam absorber. The solenoid field in the
collider detectors is included in the simulations, as well as POISSON derived 2-D
magnetic fields in the full cross-sections of the HGQ magnets, the separation dipoles (D1
and D2), the arc dipoles, and the arc quadrupoles. Shower and muon transport
simulations are performed for a clockwise beam in one octant of the LHC lattice adjacent
to the IR including the tunnel components and surrounding rock (molasse), with a density
of p=2.24 g/cm.
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Proton-proton collisions and showers in the IR components are simulated with the
DPMJET event generator and the MARS code, respectively [108, 109]. Charged
particles are tracked through the lattice and the fields within each magnetic element, their
cryostats, tunnel equipment, shielding, detector components and surrounding rock. The
cut-off energies are 1 MeV (charged hadrons and muons), 0.2 MeV (photons and
electrons) and 0.5 eV (neutrons). Magnet coils are modeled with 4 radial bins of 8.5 mm
depth, with azimuthal bins ranging from 5° wide at the horizontal and vertical planesto
15° in between, and with axial bins ranging between 0.5 m and 3 m long. The magnet
coils, which are a mixture of NbTi, copper, insulation and helium, are simulated as a
homogeneous material with A=50, Z=23 and p=7 g/cm®. Details such as cooling channels
in the yoke and coil ends are not included.

11.4.6.3 Front absorbers, TAS

The TAS externa front absorbers are located in front of the Q1 quadrupoles, +19 m
from the interaction points at IP1 and IP5. They protect the inner triplet quadrupoles
against intense particle fluxes from the IP. The TAS aperture should be at least 100,
where o isthe RMS beam size. In early studies the aperture radius was assumed to be 14
to 14.5 mm, but recently a more desirable nominal aperture of 17 mm has been
established.

The TAS absorber is made of a copper core 1.8 m long and about 0.25 min radius,
surrounded with massive steel and concrete shielding. An albedo trap is used to
minimize the background rates in the CMS and ATLAS detectors, to avoid groundwater
activation, and to reduce residual dose ratesin the TAS vicinity to acceptable levels. The
power deposited in a copper absorber with aperture 17 mm and outer radius 0.25 m by
showers induced by particles from the collision point isP=270 W. Table1.4.6.3-1
shows the calculated mean number of particles emitted from the collision point, their
mean energy, and the total energy deposited, in the assumption of an open aperture
upstream TAS. It shows that most of the total power dissipationin TAS is due to charged
pions and photons. The total power dissipation is shown as afunction of the front
absorber radius and length in Fig. 11.4.6.3-1 and Fig. 11.4.6.3-3.

Table 11.4.6.3-1. The mean number, mean energy, and total energy of particles per
proton-proton interaction striking the TAS front absorber (R,=17 mm and R,;=0.25 m).

Particle Type <n> <E> (GeV) <n><E> (GeV)

Neutral hadrons .58 261 152
Protons .29 292 83
Charged pions 6.80 159 1081
Photons 8.33 87 725
Muons .06 33 2
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LHC 7x7 TeV IP1/IP5 Front Absorber (Copper, L=180 cm, R=25 cm)
July 1997 inner triplet at 8.e8 int/sec  DPMJET/MARS13(97)
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Fig. 11.4.6.3-1. The longitudinally integrated total power dissipation in the TAS front
absorber, versusits radius.
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Fig. 11.4.6.3-3. The longitudinally integrated total power dissipation in the TAS front
absorber, versusits length.

Longitudinal distributions of TAS power density show that the peak power density is
about 10 mW/g at an absorber depth of about 0.15 m. It decreasesto 0.2 mW/g at a depth
of 1.8 m, afactor of two below the design limit in the Q1 quadrupole immediately
downstream of TAS. The TAS dose rate levels after 30 days of irradiation at the design
luminosity followed by 1 day of “cooling” are much higher than both the emergency (1-2
mSv/hr) and routine (0.1 mSv/hr) human access limits. Thus, TAS requires massive
external shielding and remote handling.

[1.4.6.4 Internal absorbers

Stainless steel internal absorbers are to be placed within the HGQ magnet bores to
minimize the energy deposition in the coils. Aperturesocdr®d 1@ were studied for
the nominal 35 mm coil radius, to evaluate the effectiveness of the internal absorber [114,
114]. With no internal absorber (not even a beam pifeax) = 1.2:0.2 mW/g, at or
above the allowable limit. With individually sizeddl@bsorbers the peak is a factor of
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3 smaller, giving areasonable safety margin. The use of 8o absorbers reduces P(max) in
QL, but thereislittle overall improvement. Increasing the inner aperture of the absorbers
in Q1 to match those in the other quadrupoles results in a 25% increase in P(max).
However, thisincrease may not be statistically significant and further study is required to
determineif it is necessary to use different absorbersin the Q1 and Q1-Q2 regionsthan in
the rest of thetriplet.

An unacceptably large P(max) is observed at the downstream end of a
superconducting D1 even with a 100 absorber. This problem is eliminated in version 5.0
optics by making D1 a conventional warm magnet at IR1 and IR5 (but not at IR2 and
IR8). Sincetheintegrated strength of the warm D1 islower, the outer D2 dipoleis
moved an additional 90 m farther from the IP at IR1 and IR5. D2 remains
superconducting at al locations.

Studieswith a TAS front absorber aperture of inner radius 17 mm show that the total
power deposited in the inner triplet components on either side of an IP is about 200 W
[118, 119]. Up to half of this power is deposited in the internal absorbers, and it is
tempting to consider cooling them at a higher temperature than the beam pipe. However,
the insulating space required between the absorber and the vacuum pipe would reduce the
absorber thickness, making this option impractical. Averaged over each element, the
power density varies from 3 to 12 W/m. However, the variation within one magnet can
be as large as afactor of 8.

An inner absorber configuration has been designed which keeps P(max) below the
design limit of 0.4 mW/gin version 5.0 optics, even with the enlarged aperture of the
TAS front absorber. Itslayout has the following sequence. A uniform beam pipe 3 mm
thick isinserted between TAS and Q1. Aninternal absorber in Q1 occupies the radial
region 23.5<r<33 mm. A 1.5 m long supplementary beam absorber begins 0.25 m
downstream of Q1 (25<r<60 mm). A second 1.5 m long supplementary beam absorber is
placed upstream of Q3 (30<r<60 mm). Lastly, auniform beam pipe 3 mm thick
(30<r<33 mm) isinserted between Q2 and Q4, and between the second supplementary
beam absorber and D1.

1.4.6.5 Neutral beam absorbers, TAN

The TAN neutral beam absorbers are located between the separation dipoles D1 and
D2, 149.5 m from the interaction points at IP1 and IP5. The absorber has twin apertures
in a copper core 3 m long and about 0.15 m in radius surrounded by steel shielding up to
aradius of 0.55 m. A power of P=210 W is deposited in the central part with r<0.20 m
by showers induced mainly by neutral hadrons and photons. This takes into account
particle interactions and showering in all the preceding components through the entire
149.5 m region. Table11.4.6.5-1 shows the calculated mean number of particles emitted
from the collision point, their mean energy, and the total energy deposited in TAN per
proton-proton interaction. It shows that neutral hadrons — principally neutrons and some
K. — and photons contribute most of the total power. The total power dissipation is
shown as a function of the neutral absorber radius and length in Fig. 11.4.6.5-1 and Fig.
11.4.6.5-3.

243



- DRAFT -

Table 11.4.6.5-1. The mean number, mean energy, and total energy of particles per
proton-proton interaction striking the TAN neutral beam absorber.

Particle type <n> <E> (GeV) | <n><E> (GeV)
Neutral hadrons 33 2185 725
Protons .06 1215 73
Charged pions 71 125 88
Photons 150.80 5 736
Electron/positron 12.50 1 8
Muons .01 25 4

z=149.45m

193.5 W for r=85 cm

Cu Fe

Fig. 11.4.6.5-1. The longitudinally integrated total power dissipation in the TAN neutral
absorber, versusits radius.
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Fig. 11.4.6.5-3. The longitudinally integrated total power dissipation in the TAN neutral
absorber, versusits length.

Longitudinal distributions of the TAN power density show that the peak power
density is about 5 mW/g at an absorber depth of about 0.25 m. It decreasesto 10° mW/g
at the far end, well below the quench limit in the D2 dipole and the Q4 quadrupole
downstream of TAN. The dose rate levels after 30 days of irradiation at the design
luminosity followed by 1 day of “cooling” are about 0.4 mSv/hr, at a radius of about 0.55
m on the back surface. This is below the emergency human access limit. Lengthening the
TAN core by 0.4 m would reduce the dose rate to 0.1 mSv/hr.

11.4.6.6 Summary of futurework

If the optics and configuration of the lattice changes significantly, the energy
deposition analysis will be redone to ensure that the absorber design is still valid, and that
the power deposition in the accelerator structure is within acceptable limits.
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[1.4.7 Neutral absorber ionization chamber

The TAN neutral beam absorber can be instrumented to measure the neutral particle
flux. Thisenablesit to be used as aluminosity monitor, and as a diagnostic for low
frequency closed orbit correction feedback.

At adesign luminosity of 1034 cm-2sec1 there are approximately 109 collisions per
second at the high luminosity interaction points IP1 and IP5. These interactions giverise
to about 1.2 kW of power in collision products leaving an IP in each direction. Some of
this power is carried off by small angle elastic and diffraction scattering of the primary
protons, and stays inside the beam tube until leaving the interaction regions. However, a
significant fraction of the power is carried off by neutral particles leaving the beam tube
in the interaction region. Theinelastic collision power carried off by neutralsis
estimated to be 330 W leaving an IP in each direction. These particles are not deflected
by the magnetic field of the separation dipoles or of the inner triplet quadrupoles.
Because of the high incident flux of neutral collision products near zero degrees, itis
natural to locate a radiation hard ionization detector in the TAN neutral beam absorber
downstream of the D1 beam splitting dipole.

A preliminary physics analysis of such a detector has been made. A flux of
approximately 9 neutral hadrons (mostly neutrons) per bunch crossing is estimated to be
incident on each absorber, with amean energy 2.3 TeV. In addition there are
approximately 35 photons with a mean energy 0.63 TeV [112]. On axisionization
detectors of the shower products can be used to infer at least three things from these
energetic particles:

(1) the luminosity,
(2) the beam-beam separation at the IP, and
(3) the transverse beam shape and size.

The signal from the detector can be also used to regulate to anegligible level
(through feedback) the beam-beam closed orbit drift at the 1P, due to ground motion or
other slow effects[120]. The behavior of the signal at large beam-beam separation or
with only asingle circulating beam can also be used to estimate the non-1P background
due to beam-gas and beam halo-wall collisions. The methods that are proposed for
analysis are similar to those previously used for luminosity by van der Meer [121] and
considered for beam-beam centering by Jostlein [122].

11.4.7.1 Measurement performance

Consider round Gaussian beams at the IP, with an RM S beam size of 0* = 15.9 um
in each transverse direction, and with beam centers separated by atransverse

displacement of D =D, + D,&,. Suppose that the transverse displacement is the sum of

an intentional time dependent displacement (d(t) = d cosgu)é, +d sin(at)@, ) produced
by horizontal and vertical dipole correctors, and a quasi-static steady-state error
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(€ =£cos@)é, +esin(@)e,). Assuming that the error and the intentional displacements
are small compared to o* the luminosity becomes

24+d? &
L:Lo%—‘S = %Lo 2 coset ). ©

The circular sweep d(t) introduces asinusoidal luminosity modulation that vanishes

when the error offset is reduced to zero. A detector signal proportional to L then hasa
guasi-dc component proportional to Ly and atime varying component proportional to the
scalar product of the error offset £(t) and the time dependent displacement d(t). The
time varying component is used to estimate the magnitude and phase of the error offset
and is used in afeedback schemeto reduceit to zero. The integration time required to

resolve the magnitude of the error offset in the presence of statistical fluctuations of the
guasi-dc term is discussed below.

Additional information can be obtained once the error offset is reduced to a
magnitude that is small compared to the RMS beam radius. The beam profile and the
RMS beam size in the two transverse dimensions are measured by changing the sweep
mode to linear scansin the x and y planes. The absolute measurement of luminosity can
be calibrated two ways:

(1) against simultaneous ATLAS/CM S measurements of absolute luminosity, and
(2) measuring the beam size and the beam current, and using the usual formula

_1[ 1
L“kf@ég )

4o’

where k is the number of bunchesin abeam, f isthe revolution frequency, and | is
the beam current. Thisequation isvalid for round Gaussian beams. If the beam profiles
found by scanning do not satisfy this assumption then it can be extended to treat the
general case[123].

The current from an ionization detector in the neutral absorber iswritten as

I(t):eZergdemijp
J (8)

= ez Q€4 ;M O;g L
J
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where N, isthe rate of inelastic p-p interactions at the IP, mj is the multiplicity of
particles of typej falling within the acceptance of the detector per interaction, £ dejisthe
detector efficiency,a jisthe detector gain, and o id isthe inelastic cross section.

Integrating over time T readily gives expressions for the luminosity and luminosity error.
It isassumed that T is either an integer multiple of the modulation period, or isvery large
compared to it.

j’l (t)dt
L, = 0

= ©)
€Y 0 E4;MTipg T
J

Similarly, when Equation 6 is multiplied by cos(w t) @sn(w t) adintegrated one
obtains estimates for the components of the displacement error.

—j’dt cos(at)l (t)

0
d
2 zajgdet,jmjaind LoT
=05
;
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0
d
no? z A€y ;M Ting LT
<9

Expressions for the statistical measurement errors of Lo and ¢ can be derived
assuming Poisson counting statisticsfor N, a adm, and binomial statisticsfor £ det

[124]. 1t can be shown that the magnitude of the intentional sweep offset d which
minimizes the integration time is equal to the allowable RMS measurement error o ¢ of

the displacemente established from considerations of allowable luminosity degradation.

£, =E£COS(P) =

(10)

£, =€sn(g) =
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Table 11.4.7.1-1. Estimated integration time for the measurement of luminosity and beam-
beam separation.

L T T
o /L= .01) oe=0107)
cnr2sec-1 ms turns ms turns
1031 54 610 860 9,700
1032 54 61 86 970
1033 54 6.1 8.6 97
1034 .054 .61 .86 9.7

Table 11.4.7.1-1 shows the integration time required to achieve 1% statistical errors
for measurements of the luminosity, or 10% accuracy of the beam-beam displacement in
units of o*, under different luminosity assumptions. At the highest luminosity it is
necessary to integrate over approximately 0.61 turns (or 1730 bunch crossings) in order
to achieve 1% luminosity accuracy, and 9.7 turns (27,500 bunch crossings) to achieve
10% displacement accuracy. Theinelastic cross section istakento be o jg =80 mb and
the statistical errors have been estimated assuming that only the hadron showers initiated
by neutrons with energy between 0.2 TeV and 7 TeV contribute significantly to the
detector signal. Contributions from other particle species will reduce the stetistical errors
somewhat. If the detector is placed 0.30 m behind the front face of the absorber, and the
absorber material is copper with a hadronic interaction length 151 mm, then most (86%)
of theincident hadrons will interact, and the detector is near the shower maximum.

11.4.7.2 An Argon ionization chamber

It is necessary to integrate over many bunch crossings in order to obtain reasonable
statistical accuracy. A relatively slow detector that integrates over many bunch passages
can therefore be considered. A paralel plate Argon ionization chamber at atmospheric
pressure seems to be a good choice, since a simple design constructed for high reliability
will not degrade with exposure to radiation. Argon has low recombination and is free of
electrically induced chemical reactions. The incident radiation is normal to the plates of
the ionization chamber and the electric field strength between platesis E = V/a, with V
the applied voltage and a the separation between plates.

The main problemsto avoid in the choice of operating parameters are gas
multiplication and space charge saturation. Gas multiplication will not be a problem if
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the chamber is operated with an applied electric field of less than 0.15 kV/mm at
atmospheric pressure. The criterion for avoiding space charge saturation is

as< ZB‘L EOK (11)
(Ja q

where kt = 1.7 cm?/sec isthe Argon ion mobility [124].
Theion production rate, expressed as the current per unit volume, is

q=eF,;,N, (12)

ion/ mip

where Fmjp isthe flux of ionizing particles (assumed to be minimum ionizing) and
Nion/mip isthe number of ion-electron pairs per unit length produced by anionizing
particle. The mean energy loss per ion pair isW; = 26 €V and the minimum ionization

energy lossis dE/dXar = 1.52 MeV/gm/cmZ. For apressure of 760 Torr at atemperature

of 294 K the density of Argonis p =L66x10-3 gm/cm3. Thus, the number of ion pairs
produced by a minimum ionizing particleis

, 4
M dX
ion/ mip W

=97ionpairs/cm/ mip

N (13)

The flux of minimum ionizing particles incident on the ionization chamber is

dP
_dma
" dE (14)
dX c
=2.2x10" / cm?

where dP/dm ¢y = 5x10-3 W/gm is the maximum power deposited in the copper
absorber per unit mass and dE/dXcy = 1.4MeV/gm/cm2 isthe specific energy lossin
copper.
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Putting all this together, the maximum ion production is 0.35 pA/cm®. Substituting
this value into Equation 11 with an applied el ectric field of 0.1 kV/mm, the condition on
gap length for avoiding space charge saturation becomes a < 13.2 mm.

Table11.4.7.2-1. Typical parameters for a Neutral Absorber Argon ionization chamber

Parameter Value
Voltage, kV 0.3
Electrode gap, mm 3
Time resolution, ms/turns 180/2
Electrode area, cm2 100

Current, MA @ L=103%4cm2seccl 1.1

Some typical physical parameters are summarized in Table 11.4.7.2-1. The applied
voltage is 0.3 kV and the electrode gap is 3 mm, chosen for convenience and to satisfy
the gas multiplication and space charge constraints. The detector areais chosen to be 10
cm x 10 cm so the chamber fits in the copper septum between the two beam tubes. The
total ionization current of 1.1 pA at design luminosity is estimated assuming the detector
is placed at adepth of 0.30 m and integrates over the radial profile of the power density.
The time resolution of approximately 180 ms (2 turns) is determined by the ion drift time
across the electrode gap. At design luminosity the flux of energetic neutrons incident on
the neutral absorber is 2.9x108/sec, and the ionization chamber current gain defined in

Equation 8 isa =2.8x10%.

11.4.7.3 Summary of futurework

Future work on the ionization detectors will evaluate the magnitudes of background
effects due to beam gas interactions and beam halo scraping. The effect of small
variations of the beam crossing angle on the ionization chamber current will also be
evaluated. In addition the following areas will be addressed:

(1) improved evaluation of the flux of ionizing hadronic shower particles crossing
the ionization chamber

(2) inclusion of photon induced showersin the statistical analysis

(3) analysis of the time resolution needed for measurement of luminosity and beam-
beam separation

(4) design of appropriate horizontal and vertical steering magnets and
(5) design of aprototype test in an extracted low intensity p beam.
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11.4.8 Beam Physics Issues

Beam Physics | ssues describes topics that invoke unique US capabilities to
investigate areas of joint interest to current and future generations of superconducting
hadron colliders at the US labs and at CERN. Although these topics are less directly
related to physical deliverables, they are also important in optimizing LHC performance.

The first sub-section, The electron cloud effect, presents a simulation approach to an
effect that may limit the performance of the LHC, and may aso constrain RHIC and the
Tevatron in plausible upgrade scenarios. PACMAN closed orbit correction proposes a
bunch-by-bunch closed orbit correction scheme that would compensate for the atypical
long-range beam-beam interactions encountered at the end of a bunch train. Beam
collimation reports a preliminary analysis of the performance of the LHC beam cleaning
system. Software maintenance and devel opment describes the codes and environments
used by accelerator physicists. It also addresses the effort to ensure smooth accelerator
modeling data flow between the US labs and CERN. Local chromaticity correction looks
at the possibility of local correction of the second order chromaticity generated by the
low * interaction regions. Finally, Ground motion and external noise outlines a set of
studies and experimental measurements that can be made to evaluate this problem for the
LHC.

11.4.8.1 Theédectron cloud effect

It has become apparent that the new generation of ete— “factories” faces a new kind
of coupled-bunch effect called the electron-cloud instability (ECI) [125]. This instability
affects only positively charged, high-current, multi-bunch beams. A closely related
instability has long been observed and analyzed at the CESR collider [126]. This
instability continues to be the object of intense theoretical and experimental studies [127,
128, 129]. It may also arise in the LHC [130].

The ECI is caused by the cloud of photoelectrons that are generated inside the
vacuum chamber as an unavoidable consequence of the synchrotron radiation that
accompanies the beam. This cloud couples the transverse motion of successive bunches,
sometimes leading to a coupled-bunch instability. A proton traversing a single arc dipole
in the LHC emits approximately 0.4 photons on average, whose spectrum has a critical
energy of about 44 eV. There will therefore be a substantial number of photoelectrons in
the vacuum chamber. In addition, secondary electron emission from the walls of the
beam screen will contribute even more electrons to the cloud. The related phenomenon
of beam-induced multipacting was first observed at the ISR, and may play a role in the
ECl at the LHC [131]. Preliminary simulations show that the ECI has a growth time on
the scale of about 100 msec at the top beam energy of 7 TeV [83]. Continuing studies of
the electron-cloud effect in the LHC are developing further refinements of the calculation
techniques used, and the physical model being simulated. The instability now appears to
have slower growth times than earlier estimates suggested.
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Fig. 11.4.8.1-1. The average power deposition of the electron cloud upon bombarding the
beam screen of an LHC arc dipole.

While these results are clearly of great concern, smulation details need to be
refined and, more importantly, input parameters need to be sharpened before definitive
conclusions can be reached. Theoretical issues that are currently being investigated
include bunch length effects and image charges [133]. Preliminary indications are that
lower estimates for the power deposition are obtained when these refinements are taken
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into account. However, these estimates are still much higher than the LHC heat-load
specification [83].

A low rate of heat deposition requires low values of the secondary emission yield
and the photoel ectric quantum efficiency. The value of the photon reflectivity R also
needsto below. The vacuum chamber beam screen in the nominal design is made of
stainless steel about 1 mm thick, coated by a 50 um thick layer of roll-bonded copper.
Current values with the roll-bonded copper layer are Y'~ 0.2 and R ~ 0.8, respectively, in
the absence of amagnetic field [134]. The value of R could be lowered by roughening
the surface of the copper layer, or by electro-depositing it. In this case, the reflectivity
has been measured to be about 0.08 [134]. However, it is not yet clear what the SEY
value SEY and Y’ arein this case. Other ideasto lower Rand Y’ include making subtle
changes to the beam screen, such as making tiny longitudinal grooves on the horizontal
“edges” of the beam screen and/or affixing tiny, regularly-spaced irises. Obviously, all
these ideas need to be assessed by simulations and experiments before proceeding.

The LHC accelerator physics group has launched an experimental program to
determine the three main parameters of the beam screen relevant to the electron-cloud
effect (Y, R, and the SEY) with and without the presence of amagnetic field. A direct
measurement of the SEY in the presence of a strong magnetic field, such asthe8.6 T
field in the LHC dipoles, is practically impossible. An indirect approach is being
attempted by the LHC group, based on a standing-wave tube with a coaxial cable.

114811 Summary of future work
The following topics will be investigated by simulation:

(1) Explore heat deposition in parameter space, such asY’, R, the SEY, bunch
spacing, bunch current, et cetera.

(2) Quantify what can be gained from longitudinal grooves and/or irises.

(3) Evaluate the heat deposition in other regions of the ring.

(4) Incorporate the curvature of the trajectory, beam size variation, et cetera

(5) Evaluate the effects of natural beam divergence and the transverse bunch shape.

[1.4.8.2 PACMAN closed orbit correction

The long-range beam-beam interactions that the beams experience as they approach
each other on either side of an IP give each bunch a deflecting kick, which distorts the
closed orbit. The average closed orbit distortion experienced by anominal bunchis
readily corrected using dipole correctors, to keep the beams in the middle of the vacuum
chamber in the arcs, and in collision at the IP. The PACMAN effect results from bunches
near the ends of a bunch train, which experience substantially fewer long-range beam-
beam collisions than “nominal” bunches within a train. This causes the deflecting kick to
vary on a bunch-by-bunch basis along the front and back of the bunch trains, resulting in
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different closed orbits for these PACMAN bunches. Since the deflecting kicks are almost
equal and opposite on either side of the IP, the closed orbit offset effects are largest at
other IPs and elsewherein the lattice. PACMAN bunch separations as large as one sigma
have been predicted to occur in the case of high-luminosity operations [135].

In addition to the linear closed orbit effect, PACMAN bunches also undergo
anomal ous tune shifts and spreads and nonlinear effects, which may cause them to suffer
enhanced lossrates. Theloss of one of these bunches will create more such bunches, in
an ongoing zipper-like process which may eventually destroy the beam, and that explains
the origin of the “PACMAN” label [136].

A bunch encounters the same counter circulating bunch (or gap) at two points
separated by half the circumference. In principle it is possible to compensate for the
PACMAN closed orbit and tune shift differences by arranging for cancellation between
these two points, including an appropriate choice of phase advance between IPs. For
example, partial closed orbit cancellation is achieved by arranging for the crossings
planes near IP1 and IP5 to have a relative angle°ab&0ming equal * values). There
is an optimum phase difference that minimizes but does not completely cancel the orbit
displacements at the IPs. PACMAN tune shift effects are also, in principle, completely
eliminated by using crossing planes tilted by 89ative to each other, independent of
the phase advance between IPs.

In practice it is inconvenient to set additional optical constraints on the phase
advance between IPs. Another way to correct for the bunch-by-bunch orbit offsets, and
to avoid the substantial luminosity reduction that would result, is to use a high-frequency
closed-orbit correction scheme.

14821 Bunch by bunch closed or bit correction

Fig. 11.4.8.2-1 shows the bunch train fill pattern in the LHC, which is determined by
the rise times of various kickers in the machine and injection complex. Fig. 11.4.8.2-3
shows the kick distribution along a bunch train that has been calculated for long-range
collisions with this fill pattern [135]. It is the difference in orbits arising from these kicks
which must be compensated at each IP in order to achieve the highest possible
luminosities.
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Fig. 11.4.8.2-1. The nominal LHC bunch fill pattern.
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Fig. 11.4.8.2-3. The distribution of the accumulated kick from long-range beam-beam
interactions along a bunch train.
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Fig. 11.4.8.2-5. Schematic layout of components around IP1.

Fig. 11.4.8.2-7. Lattice functions around IP1 when 3* = 0.5 m.

Fig. 11.4.8.2-9 shows the proposed correction system. The product of bunch current
and transverse position of each bunch is measured and digitized at the full bunch rate of
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Fig. 11.4.8.2-9. Schematic of the proposed fast closed-orbit correction scheme.

Bandwidth requirements are determined by the necessity to respond within the time
period of the PACMAN bunches, about 400 ns, and the settling time thereafter. A
bandwidth of 2.5 MHz will probably be sufficient, but actual bandwidth may be
determined by the availability of power amplifiers, and requires further consideration.

Significant advantages in power requirements are obtained by constructing the kick
signal as a modulation about an average of zero. The variation between minimum and
maximum angular kicksis estimated to be 0.16 mrad, based on the information
represented by Fig. 11.4.8.2-1 and Fig. 11.4.8.2-3. The power requirement for the kickers
isindependent of 3 if the kicker aperture is scaled with the square root of 3 for agiven
angular deflection. The shunt impedance of a strip-line electromagnetic kicker is high,
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and increases with the length of the structure. Fig. 11.4.8.2-11 shows the shunt impedance
versus frequency for such akicker, using alength of 10 m for illustrative purposes. Four
6 kW power amplifiers are required to drive two such kickers on either side of an IP. A
further set of power amplifiersis required for the second beam, and additional duplication
Is needed for the vertical plane.

Fig. 11.4.8.2-11. Shunt impedance versus frequency for atypical strip-line kicker.

11.4.8.2.2 Summary of future work
The following topics will be investigated:

(1) Assessthe practical extent to which the closed-orbit distortion can be minimized
by appropriate phasing between IPs, and update the feedback-kicker system design
accordingly

(2) Examine kicker aperture requirements (for injected beam).

(3) Examine possible alternate kicker locations.

(4) Investigate crossing angle in both planes.

(5) Investigate the possibility of having one system to damp effects of all IPs.
(6) Investigate cross-talk between 1Ps.
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[1.4.8.3 Beam collimation

In collision mode, it is estimated that 2.4 x 10° protons per second |eave the stable

central core of each beam at nominal luminosities. This halo must be removed with a
dedicated beam cleaning system embedded in the lattice, in order for the LHC design
performance to be achieved [137 - 141]. At the beginning of the acceleration ramp, about
5% of the beam (1.4 x 10" protons) may be lost in as little as 0.2 seconds, even under
good operational conditions[142]. If these losses are sufficiently localized they can
cause a magnet quench. Even if they are not highly localized, such losses can cause
serious problems for the cryogenic system, and for the lifetime of accelerator
components. Detector components may also be subject to undesirable levels of
irradiation at injection

The beam loss distribution around the entire machine needs to be evaluated in al
these scenarios, with particular attention paid to the two high luminosity insertions.

11.483.1 Preliminary simulation results

Preliminary Monte-Carlo simulations have been performed, including a model for
beam hal o interactions with collimators and other components, multi-turn particle
tracking, beam-gas scattering, and hadronic and electromagnetic shower simulations,
using the MARS code [109]. In accordance with the nominal LHC plan, the model
included a betatron cleaning system in IR3 and a momentum cleaning system in IR7 [83].

The high energy physics of collisions at IP1 and 1P5 and interactions of the beam
halo with primary collimators were modeled using the DPMJET and STRUCT codes,
respectively [108, 143]. Shower simulationsin the IRs and arc components took into
account all the lattice details, including the three-dimensional geometry and material and
magnetic field descriptions. This enabled energy deposition distributions in the machine
components and particle fluxesin the CMS and ATLAS detectors to be cal cul ated.

Primary and secondary collimators were set at displacements of 60 and 70,
respectively. Under these conditions the momentum cleaning system in IR7 intercepts
approximately 10° protons per second, and the beam cleaning system contributes about
10% to the total heat load in the inner triplet components[117]. A comparison of
primary collimators constructed from different materials showed that beryllium and
graphite have great advantages compared to tungsten, with loss rates almost an order of
magnitude lower in the superconducting magnets. Although loss rates are about 60%
larger than with beryllium, pyrolytic graphite might still be considered for usein the
primary collimators, taking into consideration alignment and safety issues.

A preliminary study was also performed with the collimators slightly withdrawn —
with the primaries placed atand the secondaries at &.2Large amplitude particles
that escape from the cleaning system are able to circulate without hitting the aperture in
the cold part of the machine, before being captured by the collimators on later turns. Fig.
[1.4.8.3-1 shows that the tails of this halo extend up to abaut E@y. 11.4.8.3-3 shows
the distribution of hits on the primary collimators, when a skew collimator is used to
intercept the “corner” halo protons. Preliminary indications are that the beam cleaning
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system still defines the geometric aperture of the LHC, even with the collimators partially
withdrawn.
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Fig. 11.4.8.3-1. Tail distribution of halo particles that have temporarily escaped from the
beam cleaning system.

o T T T T T
"g2_nscater.dat" ©

Ay, sigma

0 I I I I I I % -
0 1 2 3 4 5 6 7
AX, sigma

Fig. 11.4.8.3-3. Distribution of hits on the primary collimators, with primary and secondary
collimators partially withdrawn.

11.4.8.3.2 Summary of future work

Further ssimulation will be performed to finalize the collimation design results. As
the lattice evolves, simulations will occasionally be made to revalidate the collimator
design.
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11.4.8.4 Software maintenance and development

The CERN tracking codes MAD and SIXTRACK are maintained on US lab
computers, as well as standard US tracking codes such as TEAPOT and COSY. Tracking
studies will be performed using these codes, and others, in order to perform direct and
indirect comparisons.

The C++ version of TEAPOT incorporates an object template that can be instantiated
either to reproduce the original thin element functionality of TEAPQOT, or to use a
differential algebra (DA) integrator [144]. TEAPOT isthe major part of alarger Unified
Accelerator Libraries (UAL) environment that is constructed so that it can share its
common data structures and services with other codes. UAL also includes DA, Survey,
and other data structures. UAL isunder continuing development in an ongoing
collaboration between Cornell University and BNL [145].

UAL uses an accelerator model that includes realistic errors and corrector settings, in
the Standard Machine Format (SMF). An SMF parser developed for MAD format files
allows the automatic generation of SMF input structures (without errors or corrections)
based on standard CERN releases of LHC design optics. This SMF description of the
LHC alows tracking to proceed with SMF compliant codes like TEAPOT. It also alows
magnet errors to be attached to the model from lists of expected harmonics or from
magnet measurement databases. LHC optics model files will be generated in the SMF
input format, complete with all the standard errors and imperfections.

A group of physicists from Michigan State University is developing a model of the
LHC lattice with detailed end field information. A converter from the MAD9 format to
COSY has been completed and tested. Preliminary result shows that quadrupole fringe
field has a sizable effect on the tune shift with amplitude. In collaboration with magnet
builders at FNAL, they are working on obtaining the field map directly from the coil
using differential algebraic techniques.

11.4.8.4.1 Standard Exchange File

Significant efforts are being expended to ensure that there is good data
communication between CERN and among the US-LHC institutions. Of primary
Importance is the lattice description file. A Standard Exchange File lattice format is
under active discussion. Tentative agreement on a preliminary format was reached at the
“UAL/LHC” mini-workshop that was held at BNL in February 1998. The CERN DOOM
database will also be used at several US sites and at CERN, to maintain two way
communications between files in this format and standard CERN codes. In this way the
unique features of a particular analysis code, or correction algorithm, will be shared
among others, without the unnecessary duplication of software development effort.

The existence of a fully instantiated “machine” file in a standard format allows for
corrections and other manipulations to be applied through stand alone code “filters” [145,
146]. Used in this sense, a filter is a piece of code that reads in a machine file, performs
an operation upon it (such as simulating the insertion of tuning shims) and then writes out
a modified machine file. LHC specific “IR filters” are being developed to generate off-
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axis closed orbits under non-zero crossing angles, to simulate tuning shim performance
with expected measurement uncertainty and quench/thermal-cycle dependence, to
simulate local IR corrections, et cetera. All filters will use a Standard Exchange File
interface.

Standard LHC descriptions will be maintained and made freely available, so that
compliant codes may connect with detailed and realistic LHC models.

11.4.8.4.2 Summary of future work

Good data communication will be established between the US labs and CERN, and
between accelerator physicists and the magnet designers, using both real and simulated
data.

Standard Exchange Files will be developed and shared for use by analysis and
tracking codes including TEAPOT and COSY, aswell as standard CERN codes viathe
DOOM database. Based on thisflat, instantiated file, US-LHC specific procedures
including shimming simulation and corrector strength setting will be evaluated.
Appropriate filters will be devel oped.

Code benchmarks will be devel oped to be able to compare different codes. A list of
“standard” calculations will be developed so that, as the magnet design and lattices
evolve, the same calculation results can be made and compared.

11.4.8.5 Local chromaticity correction

The peal@3 functions in the inner triplet of the LHC are about 4.5 km wteis 0.5
m in collision optics. Each such IR generates a natural linear chromaticitypja®/d
about —30, equal in both planes due to the anti-symmetric powering of the quadrupoles.
When all four IRs have @ of 0.5 m the linear chromaticity of the entire ring is about -
200, with the IRs being responsible for more than half of the total. The characteristic
second order chromaticity4@/dd?) of each low-beta insertion is about 30° and the
third order coefficient is less than the second order.

The nominal LHC chromaticity correction scheme employs four families of
sextupoles (two per plane) in a regular and global distribution in the arc octants [147].
For comparison purposes, preliminary studies have been conducted that consider local
approaches to both linear and second order chromaticity corrections.

In the simplest local scheme for canceling linear chromaticitpa?'s of sextupoles
are established in the arc cells closest to the IR. The resulting sextupole strengths are
unrealistic. An optical insert that raises the beta functions at local sextupoles to about 1
km has also been tried. Although sextupole strengths are then reduced to nominal values,
the insertion proves difficult to impose on the existing lattice structure, requiring either
guadrupole moves or quadrupole strength increases of as much as 50%. This approach is
not practical and has been abandoned in favor of global correction of linear chromaticity.
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A local correction scheme for second-order chromaticity has aso been simulated on
top of version 5.0 optics, and its impact on the momentum aperture has been studied
[148]. ldeally, such a scheme would enable a more accurate operational determination of
the linear chromaticity, and also would increase the momentum aperture.

Second order correction is more complicated than simply establishing local
sextupoles. Additional optical considerations play a significant role, including correctly
setting the phase advance between IPs, and the global tunes. Second-order chromaticity
Is particularly sensitive to phases and the use of sextupolesin mtpairs. Thefirst stepin
creating an effective local correction schemeisto properly phase sextupole families with
respect to the IP and the final-focus triplet by adjusting the strengths of matching and
trim quadrupoles (Q4-Q7 and QT8-QT11). Given the 90 degree phase advance across an
arc module, the existing sextupoles then divide naturally into two families per plane:
those nmtfrom the IP and those (2n+1)1w/2 from the IP.

Although both families are equally effective in canceling linear chromaticity, only
the latter family of sextupolesis effective in correcting second-order chromaticity.
Furthermore, members of the nmt set which interleave the (2n+1)1v/2 local correction pair
must be turned off, because powered interleaving would disrupt the “aberration-free”
geometry of the correction. On the other hand, since the beta functions are sufficiently
disparate in version 5.0 optics, sextupoles for opposite planes may be successfully
interleaved with little cross correlation. Sextupoles outside the local correction section
are used to cancel the linear chromaticity.

It proves difficult to correct the vertical second order chromaticity in this scheme,
due to the coherent vertical phasing of the four IPs in collision optics. One way to avoid
this difficulty is to change the vertical tune while holding the horizontal tune constant. If
this is done, and the first and second order chromaticities are reduced to zero, the
tuneshift versus momentum dependence with four IRs in collision mode (@fitbf&®.5
m) is equivalent to the use of global chromaticity correction when only IP1 and IP5 are in
collision mode [149].

Studies so far conclude that the second-order chromaticity can be locally corrected
without generating higher-order aberrations. If logfevalues are implemented (for
example, in a 0.25 m upgrade), local chromaticity correction will probably prove to be
important, especially to the momentum aperture.

11.4.85.1 Summary of futurework

Chromatic correction and other momentum dependent effects will be studied as the
LHC lattice evolves.

[1.4.8.6 Ground motion and external noise

Time-varying alignment and field fluctuations in the hundreds of magnets that
comprise the LHC may seriously affect proper machine operation. This is especially true
of magnets in the interaction regions, where the beta functions become very large in
collision optics. One can distinguish two mechanisms of beam perturbation in circular
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accelerators, depending on the frequency regime [149]. Processesthat are slow with
respect to the revolution period produce closed orbit distortions[150]. Rapid fluctuations
cause direct emittance growth. Since the LHC revolution frequency is much lower than
in all other existing hadron accelerators, and since numerous natural noise sources grow
rapidly in strength as the frequency is decreased, fluctuations may dramatically influence
beam dynamics.

Investigations into ground motion and external noise in the LHC will be performed
using both analytical and experimental tools. The goal of the investigationsisthe
thorough evaluation of the impact that noise sources like ground motion and dipole field
fluctuations, et cetera, have on beam dynamics. This includes making estimates of noise
spectrum tolerances, and specifying parameters for possible emittance preservation and
closed orbit correction feedback systems.

The primary sources of emittance growth are quadrupole jitter (misalignment
fluctuations) and high-frequency variations of the bending magnetic field in dipoles.
Both sources produce angular kicks and excite coherent betatron oscillations. If this
coherent motion is not damped then filamentation or dilution processes due to tune
spread within the beam eventually transform them into emittance increases. Transverse
feedback allows such emittance growth to be suppressed by damping out the coherent
oscillations before filamentation has time to set in - the oscillations should be damped
much faster than their decoherence time.

11.4.8.6.1 Future analytical studies
Analytical studieswill be pursued in the following aress:

1) Recent accelerator alignment studies at SLAC and Japan show that alignment
error statistics may be far from Gaussian, with distributions more like power laws,
presumably due to both human and natural factors[151, 152]. Such distributions often
have no finite variance value, and demonstrate a significant probability for many-sigma
outliers. They can cause difficulties with LHC re-alignment.

2) The applicability of beam-based alignment techniques.

3) Emittance growth rate cal culations, which lead to the ability to set tolerances on
external noise sources such as ground motion and dipole magnetic field fluctuations due
to ripple and liquid helium flow.

4) Requirements for possible transverse feedback systems, including bandwidth,
number of pick-ups and kickers, power, and tolerance to pick-up and amplifier noise.

5) Tolerances on orbit jitter in afrequency band from 1 to 100 Hz. Calculate
vibration amplitude limits for arc and IR quads. Study designs for feedback systems for
orbit correction and stabilization.

6) Address alignment issues at time scales from 1 hour to 10 years, making
comparison of tolerances with existing data. Estimate long-term stabilization scheme
parameters, such as the number of correctors, strength, location, et cetera.
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7) Evaluate mechanical resonancesin the design of the LHC inner triplet integrated
cryostat structure. If appropriate, make recommendations for possible modificationsin
the support design

11.4.8.6.2 Future experimental studies

Some experimental studies (for example, of the temporal stability of the magnet
alignments) cannot yet be performed at CERN, due the absence of installed
superconducting magnets. Nonetheless, they can be performed on the Tevatron and/or
RHIC. In addition to being of great importance for the LHC, these experimental topics
are also of interest to the Tevatron and RHIC, and for future hadron collidersin general.
Experimental topics for study include:

1) Measure ground motion in the frequency band from 0.01 Hz to 5 kHz in the
tunnel of aworking machine. Focusin particular on the frequency band from 0.1 Hz to
200 Hz. Measure the motion of arc and IR dipole magnets and quadrupoles in the same
frequency bands.

2) Test the conventional assumption that quadrupole jitter is mostly uncorrelated
between magnets. Measure the correlation of magnet motion in a frequency band from
0.1to 5kHz with 0 to 500 m spacing between magnets. Focusin particular on the
frequency band from 0.1 Hz to 200 Hz.

3) Search for temporal correlations between particle loss rates and closed orbit
fluctuations, magnet vibrations, and ground motion. Focus in particular on the motion of
the IR quads.

4) Perform a “beam heating” experiment in transverse and longitudinal by
deliberately introducing controlled noise sources. Compare with theoretical predictions
and derive recommendations for the LHC.

5) Study of long-term ground motion drifts with a hydrostatic level system at the
Tevatron, to determine the constann the “ATL law” [153].
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